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Follicle Development in Vitro

3

1. FOLLICULAR AND OOCYTE DEVELOPMENT

The mammalian ovary is endowed by birth or shortly after with a lifetime supply of
oocytes. These oocytes are surrounded by somatic cells (forming ovarian follicles) and
separated from the interstitial tissue and from each other by a basement membrane. As
the ovarian follicles form, the first stage of development is called the primordial fol-
licle. These primordial follicles are in a resting stage, with oocytes surrounded by flat-
tened somatic cells. Between 1 and 2 million primordial follicles are contained within
the human ovary at birth. A small proportion of these is continually leaving the resting
pool and starting to grow, although only a tiny percentage of these will grow to matu-
rity and release their oocytes for fertilization: the fate of most follicles is to undergo
follicular atresia and die (usually during the later stages of development). Growing fol-
licles are characterized by an increase in oocyte size, an increase in the layers of so-
matic granulosa cells surrounding the oocyte and, later, by the formation of a fluid-filled
antral cavity. Preantral growth is slow, whereas the antral phase proceeds more rapidly.

Our ability to support follicular and oocyte development in vitro has advanced greatly
over recent years. Although technologies have been developed to culture the follicles
of large mammalian species, including primates, the majority of this work has used rodent
ovaries. Rodent culture models of follicles at various stages of development have con-
tributed much to our knowledge of the processes that drive follicular development and
can also produce viable gametes using various culture methods. In both domestic spe-
cies and primates (including humans), techniques have been developed in part to inves-
tigate the regulation of follicle development, and also (more commonly) to produce a
regulated supply of follicles at particular stages of development. The ultimate aim of
follicle culture is to be able to grow follicles from the resting primordial stage, in which
follicles are laid down during ovary formation, to produce competent oocytes (capable
of supporting the development of live young after fertilization). To date, this has been
achieved only in the mouse [1], and we are still a long way from being able to use fol-
licle culture to obtain competent oocytes from larger species such as humans. However,
much progress has been made in recent years in developing culture techniques both for
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rodents and for large domestic species and primates at several stages of follicle growth,
in particular initiation of primordial follicle growth, development of oocyte–granulosa
cell complexes, and growth of antral follicles (Figure 1.1). Different culture systems
have been developed with different endpoints in mind. In this chapter, we describe many
of the different methods currently carried out and outline their various uses.

It is envisaged that future use of in vitro systems will begin to unravel some of the
mechanisms of processes as yet poorly understood, such as what regulates growth ini-

Figure 1.1. Methods of isolation and types of culture systems used. Adapted from Murray and
Spears (44), with permission from Thieme Medical Publishers.
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tiation in primordial follicles. As development of the oocyte and of the somatic granu-
losa cells are interdependent, production of mature oocytes is likely to require culture
of both oocytes and somatic cells. Knowledge of how oocytes become fully competent
will be of particular use if this technology is to be practical in clinical settings. The pro-
cess of oocyte maturation in the human is very long, and the technical difficulties that
need to be overcome are many. The hope is that, with the knowledge gained from other
models, it may be possible to accelerate this process in humans in vitro.

1.1 Organ Cultures

Techniques for the culture of ovaries have been described since about 1930. Earlier in
vitro techniques tended to use the culture of whole ovaries (2). Although this type of
culture preserves normal tissue interactions, it is severely limited in that long-term
maintenance of organ explants is difficult. Although it is possible to maintain the corti-
cal regions of the ovary to some extent, the inner medullary region is subject to anoxia,
depletion of nutrients and accumulation of metabolites leading to necrosis. Because of
these limitations, and due to the time required for full follicular development (especially
in larger species), the culture of adult ovaries is probably of limited use and perhaps
best confined to the study of a particular ovarian event such as blood flow or ovulation.
Ovarian fragments or tissue slices are sometimes used to overcome some of the prob-
lems associated with mass. In addition, a number of methods such as suspending or float-
ing organ or tissue slices in culture have been developed, thus maximizing gas and
nutrient diffusion and reducing necrosis. Although follicles can grow under these cul-
ture conditions, at least up to the antral stage, it is difficult to follow their individual
progress. As a result, recent cultures of later stages of follicle development have tended
to use isolated follicles. Techniques using whole or slices of ovaries have been reserved
for the culture of primordial follicles (at which stage isolated follicles tend to do poorly).

Follicles can remain in the female mammal in the primordial state for the entire re-
productive life span of the animal. The processes determining when a particular pri-
mordial follicle leaves this resting pool and undergoes growth initiation are, in the main,
still a mystery. The reserves of primordial follicles within the ovary represent a vast
store of gametes that could be available for in vitro development. Thus, cultures of pri-
mordial follicles are useful both as a tool to help investigate the regulation of growth
initiation and as a potential source of follicles to supply mature, fertilizable oocytes in
vitro.

1.2 Individual Follicle Culture

Short-term cultures of mid- to late-antral follicles and their oocytes have been success-
fully used to investigate the final stages of follicular growth and oocyte maturation.
However, in the 1990s a number of in vitro systems evolved that support the growth
and development of follicular units from preantral through to preovulatory stages. Some
of these culture systems have produced mature oocytes capable of fertilization, and live
young have been born, albeit with limited success rates (3, 4). The majority of these in
vitro systems have been devised using rodents as models. The ovaries of rodents are
readily available and lack the fibrous tissue associated with the ovaries of larger spe-
cies. In addition, the time-course of complete follicular development is relatively short
in rodents, making it possible to grow follicles in a manner that closely resembles the in
vivo situation (Table 1.1). Many studies have used follicles obtained from juvenile mice
and rats; these ovaries have few antral follicles, lack corpora lutea, and contain large
numbers of follicles at similar stages of preantral development. While rodents have been
used extensively in developing culture systems, some progress has also been made in
domestic species and humans. Human material is difficult to obtain, and few studies on
the in vitro growth of follicles have been reported, but other primate models are also
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available (5). Work on domestic species is sometimes carried out with a veterinary or
agricultural aim and sometimes as a model of human ovarian development.

1.2.1 Methods of Isolation

Follicular units can be isolated either mechanically or by enzymatic digestion. Enzy-
matic digestion using collagenase and DNase has been successfully used to isolate fol-
licles from mice, rats, hamsters, and humans. Small pieces of tissue are incubated with
the enzymatic mixture, and by mechanically agitating the pieces through progressively
smaller pipette tips, individual follicles are released. The degree of damage to the folli-
cular units depends on the stringency of the treatment and on the type of tissue being
used. Digestion of ovary samples from hamsters and humans results in follicles with an
intact basement membrane but with no attached thecal cells, compared with mice and
rats that lose both thecal cells and basement membrane integrity. Effectively, in the lat-
ter species, the follicles collected are oocyte–somatic cell complexes. Although these
complexes appear devoid of a basement membrane and attached thecal cells, it is likely
that some of these components are transferred into the culture to a greater or lesser de-
gree depending on the methods used.

Mechanical isolation of follicles is a more labor-intensive method of isolating fol-
licles, but it ensures that the basement membrane of the follicle remains intact and pre-
serves follicular architecture. Small pieces of tissue are teased apart, and follicles are
dissected from these tissues using fine needles. The main criteria used in selection of
follicles by this method are size—a centrally placed oocyte surrounded by tightly packed
granulosa cell layers and some attached thecal/stromal cells. Conditions for the isola-
tion of immature follicles from mice are different from that required for follicles from
domestic species. Microdissection of follicles from rodents is relatively easy, as there is
little stromal tissue present. Collagenase isolation of rodent follicles can be carried out
rapidly with no detrimental effects to the oocyte, but collagenase dissociation of bovine
preantral follicles has a detrimental effect on bovine oocytes. Collagenase does not seem
to have as drastic an effect on pig oocytes, but short incubations in collagenase are not
very effective at loosening preantral follicles; as such, collagenase is essentially an in-
effective method for harvesting large numbers of preantral follicles. A number of methods
for isolating preantral follicles from domestic species have been developed (6), but we
have found that microdissection of preantral follicles from cortical slices provides high-
quality preantral follicles from bovine, porcine, and ovine ovaries.

1.2.2 Culture Conditions

To a certain extent, the method of isolation determines the culture conditions into which
follicles are placed (Figure 1.1). Follicle units that have been isolated by enzymatic means
and lack a basement membrane need to be cultured in conditions that prevent the disso-
ciation of the granulosa cell from the oocytes, as contact between the two cell types is
necessary if the oocyte is to grow and mature. This has been achieved by placing these
isolated complexes onto collagen-impregnated membranes by embedding them in col-

Table 1.1. Size of Preantral and Mature Follicles of Three Species
(Murine, Porcine, and Bovine) and the Estimated Time it Takes
in vivo to reach the Preovulatory Stage from Preantral Stages

Species Preantral Size Mature Size Growth Period (Days)

Mouse 150–200 400–500 mm 5–7
Pig 150–300 1.5–3 mm 40–50
Cow 100–150 3.8– >8.5 mm 40–50

Adapted Telfer et al. (40), with permission from Elsevier Science.
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lagen gels (7) or by allowing them to plate down onto substrate adhesive surfaces
(8, 9). Follicles with the basement membrane intact (isolated either mechanically or
enzymatically) have been cultured by embedding them into agar or collagen gels (10–
12) or by placing follicles on various surfaces bathed in culture medium (4, 13, 14). In
the latter culture techniques, follicles are maintained as intact units due to culture in
conditions that prevent adhesion to culture dishes. Where follicles are placed on sur-
faces allowing adhesion, follicles tend to rupture during culture, but all cell types re-
main present in the culture (8, 15). It has become increasingly clear that the oocyte
contributes to and controls certain aspects of granulosa cell differentiation, and culture
of oocyte–somatic cell complexes have been used extensively and very successfully to
elucidate some of these processes (Figure 1.2; see, e.g., Eppig et al. [16]).

Each type of culture system has advantages and disadvantages, and selection of
one over the other depends both on the experimental endpoint and the type of infor-
mation desired. The culture of intact follicles ensures that each cell type (theca, granu-
losa, and oocyte) is present and allows the investigation of how each of these
contributes to both follicular development and growth and maturation of the oocyte.
However, this type of culture may not support development of antral follicles from
larger species where transfer of nutrients and oxygen diffusion may be problematic.
These problems could be overcome, and larger numbers of oocytes maintained in vitro,
by using a culture system such as that developed for oocyte–somatic cells that are
“open” to the culture media, although the contribution of the extracellular matrices
(including those in antral fluid) may then be excluded. Culture systems where all ele-
ments of the follicular unit are included but the three-dimensional structure is lost
provide some of the advantages of both these systems, although here growth may be
impeded and basement membrane/thecal cell components may not differentiate in a
manner that resembles the in vivo situation as clearly, nor is it feasible to work with
quite as large numbers as enzymatic digestion can provide. Embedding follicles in a
matrix may be preferable for gaining information on growth kinetics, but it is not as
suitable for examining growth and maturation of the oocytes, as these are difficult to

Figure 1.2. Interactions between the oocyte and surrounding somatic cells.
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recover from the gels. Given the correct stimulus, some of the culture systems sup-
port the formation of antral (or, if non-intact, antral-like) cavities and steroid produc-
tion, notably in cultures where the basement membrane and thecal/stromal cells are
included (8, 15, 17, 18). Follicles maintained as intact units develop thecal layers
around the whole follicle. In the rat in vitro system, where all components are present
and a substrate adhesion method of culture is used, thecal cells appear to colonize
around the edges of the granulosa cell layers and organize as theca interna and externa
types (8). The degree of growth and development of follicles depends on a number of
factors such as media composition, the age or size of the starting material, stimula-
tion by gonadotrophins and growth factors, and the length of the culture period.

In this chapter, we describe various techniques commonly used to culture primor-
dial, preantral, and early-antral follicles, both for small species such as rodents and for
large domestic and primate species. There are, of course, many variations on the tech-
niques described below—too many for us to cover in a chapter such as this. Our aim
here is to detail many of the more frequently used culture systems, particularly where
we consider that they are likely to be used for much future work. We give examples of
how the cultures are carried out and what information each kind can provide. We first
consider organ culture primordial follicles and then the culture of late preantral and antral
follicles.

2. TECHNIQUES

2.1 Organ Culture of Primordial Follicles

Some of the earliest experiments growing oocytes in vitro involved culturing the whole
ovary (2, 19). Organ culture has the advantage of maintaining normal cell contacts, but
there are serious disadvantages in maintaining this type of culture over a long period
because of perfusion problems. Some of the physical problems can be overcome by using
thin cortical sections of the ovary, as this allows the maintenance of contact but pro-
vides material easier to deal with in vitro. Organ cultures or cortical slice cultures have
successfully allowed the initiation of primordial follicle growth in vitro. It has recently
been demonstrated that it is possible to produce competent mouse oocytes after culture
from the primordial follicle stage (1). This achievement depended on a two-step proce-
dure involving organ culture for the follicles to initiate growth, followed by isolation of
the growing follicles (as organ culture could not further sustain full development). Pri-
mordial follicles can be isolated from porcine ovaries (20), but these do not start to grow
in vitro. As well as in the rodent, primordial follicle initiation has been observed in
cultured bovine, ovine, and primate ovarian cortical strips (5).

2.1.1 Free-floating Organ Cultures
(Rodent and Domestic Species)

In this system, either whole ovaries (from mice [1]) or cortical sections (bovine, pri-
mate) are placed in culture medium, free floating with or without a collagen membrane.

1. Dissect mouse ovaries on the day of birth (day 0) and cut in half.
2. Alternatively, remove thin strips of ovarian cortex from the ovaries of domestic

species using a scalpel blade and watchmaker’s forceps. Trimmed strips to 0.5 ×
0.5 × 0.2 mm.

3. Transferred ovaries in a drop of culture medium (Protocol 1.1) using a Pasteur pipette
onto a Costar Transwell membrane (non–tissue-culture treated, Nucleopore poly-
carbonate membrane, 3.0 mm pore size, 24 mm diameter). The Costar membranes
sit raised up from the base of the culture dish.
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4. Add 1.5 ml medium to the well below the membrane. This means that when the
drop of medium containing the ovary is placed on the surface of the membrane,
excess medium from the drop is drawn into the well below, leaving the ovary
covered by only a thin film of medium.

5. Up to seven ovaries can be placed on each membrane. Incubate at 37°C in 5%
CO2 : 95% air.

6. Replace medium every 2 days by adding 2 ml of medium to the well below the
membrane and withdrawing the same volume.

7. Alternatively, boil polycarbonate membranes (Isopore from Millipore) in deion-
ized water to remove PVP coating, autoclave, and fix to the bottom of wells in
96-well plates with a silicon-based sealant (RTV32, Dow Corning). Sterilize plates
by UV light. Fill wells with 100 ml medium overlaid with 100 ml silicon fluid and
place ovary pieces on top of the membrane. In this instance, one ovary piece is
culture per well. Exchange half the medium for fresh medium every other day.

8. After a few days of culture, follicle growth initiation can be clearly seen in the
ovary (Figures 1.3A, B).

2.1.2 Culture of Human Follicles

Although the techniques to grow follicles from animal models have been established
for some time, the culture of follicles from human ovaries is still in its infancy. One of
the main problems in establishing human culture techniques is lack of material. Fur-
thermore, the material used is from a wide age range of patients undergoing gyneco-
logical surgery. Such material may well not be optimal, depending on the reason for
surgery. The majority of studies on the growth of human follicles have been carried out
using cortical slices from ovarian biopsies. These slices contain only primordial and
primary follicles. Most of these studies have concentrated on establishing culture con-
ditions that allow the initiation of primordial follicles into the growth phase (21–23).
Some attention has been paid to the effects of cryopreservation of the cortical slices, as
this would have clinical implications (24–26). From these studies, primordial follicles
begin to grow and survive for periods of 14 days when cultured as groups (within the
slices), supported by a layer of extracellular matrix. This method is outlined below, but
readers should consult recent literature regarding culture media and growth factors (22,
23), as these factors may contribute to growth.

1. Cut ovarian tissue into slices of 0.5–2 mm using a scalpel blade.
2. Place one to three slices onto Millicell CM inserts (6 mm diameter, 1.0 mm pore

size; Becton Dickson), which have been precoated with 150 ml Matrigel (Becton
Dickson) and placed into 24-well plates (Becton Dickson).

3. Media is as in Protocol 1.2.
4. Maintain cultures in a humidified incubator in 5% CO2 at 37°C.

2.2 Culture of Preantral or Early-Antral Follicles
from Small Mammalian Species

2.2.1 Granulosa–Oocyte Cultures

Animals
Granulosa–oocyte cell complexes can be isolated from preantral follicles of either 10-
or 12-day-old mice using collagenase and DNase. The starting age of the animal will
determine the total culture period, that is, complexes from 10-day-old mice will be cul-
tured for 12 days and those from 12-day-old mice for 10 days. Mice normally used are
(C57BL × CBA) F1. The minimum number of animals required to set up cultures with
a good yield is 10.
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Figure 1.3. Newborn mouse ovaries, quartered and cultured for 7 days. Ovary pieces were cul-
tured in α-MEM medium with 28 mM ascorbic acid and either 3 mg/ml BSA or 5% FBS. After
7 days of culture, ovary pieces were fixed and processed for histological examination. (A) Sec-
tion of a control ovary fixed on the day of dissection. Most follicles present are at the primordial
stage. Bar = 20 mm. (B) Section of ovary cultured in FBS for 7 days, with many growing fol-
licles now present. Bar = 20 mm. (C) Histogram showing the percentage of follicles with oocytes
of different diameters in uncultured control ovaries and in both treatment groups after 7 days of
culture. Growth of the follicles is supported over the culture period. Statistical analysis (using
the nonparametric Kolmogorov-Smirnov test) showed that ovary pieces cultured in the presence
of FBS contained a higher proportion of follicles with larger oocytes than those cultured in the
presence of BSA (p < .05). (From M. Molinek, N. Spears, and E. E. Telfer, unpublished data.)
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Follicle Isolation

1. Prepare seven petri dishes as follows:
• 5 × 3.5 ml Leibovitz + BSA + IBMX (dissection dish + wash dishes)
• 1 × Leibovitz  + BSA + IBMX + 1 mg/ml collagenase
• 1 × Waymouth media (final wash dish).
All dishes should be kept at 37°C, and the Waymouth media should be kept in an
atmosphere of air + 5% CO2.

2. Dissect out ovaries and place them in Leibovitz media (Protocol 1.3). All adher-
ing tissue and bursa are removed.

3. Pull apart cleaned ovaries and transfer them to a petri dish containing 1 mg/ml of
collagenase; pipette them several times with a P1000 pipette or a sterile Pasteur
pipette.

4. Keep the dish at 37°C and pipette the pieces of ovaries at regular intervals (every
2 min).

5. Once the pieces are smaller, use a P200 tip to pipette the pieces up and down.
6. When follicles are isolated, continually remove them to a fresh wash dish using

a P200 pipette set at 150 ml.
7. Keep ovaries in collagenase no longer than 30 min.
8. Once all the loose follicles have been transferred to a wash dish, swirl the dish

around and take off and discard the single cells at the top of the media using
a P200 pipette tip. Transfer the follicles to a fresh dish and repeat this
washing process a further three times in wash media to ensure that all debris is
removed.

9. After these wash steps transfer the follicles to Waymouth media as in Protocol
1.3 (or whatever culture media is being used) before being set up on culture wells.

Preparation of Culture Dishes for Oocyte Granulosa Cell Complexes
For optimum growth of granulosa–oocyte cell complexes, Transwell collagen mem-
branes from Costar are used as a culture substrate (Transwell –COL Inserts, 12 mm
diameter 3 mm pore size; Costar).

1. Place 1.5 ml Waymouth media in the culture wells and place the inserts on top.
2. Place 1 ml media within the inserts and then divide the complexes between the wells.

Once the complexes are in the inserts, gently pipette the media to evenly distribute
the complexes across the membrane. It is important to ensure even distribution of
complexes across the membrane. If the complexes clump, the culture will fail.

3. Transfer culture plates to a modular incubator chamber (Billups-Rothenberg, Del
Mar, CA) in an atmosphere of 5% O2, 5% CO2, 90% N2 (5-5-90 gas mix) at 37°C.
This 5-5-90 gas mix has been found to be optimum for oocyte growth, although
good results can also be obtained by culturing these complexes in 5% CO2 in air.

4. Feed cultures every 48 h by exchanging 1 ml of media at the bottom with 1 ml of
fresh media. Care must be taken during feeding to avoid jolting the cultures, as
this can easily dislodge the complexes from the membranes.

During the culture period, some follicles will be dislodged from the membranes, and
these will generally be discarded with media changes. Great care has to be taken through-
out the culture period to avoid jolting the dishes. If the dishes are disrupted, this will
lead to clumping and/or dislodging of the complexes, and both are undesirable. After
culturing the granulosa–oocyte cell complexes for 10–12 days, remove them from the
surface of the membrane or collagen gel matrix. This is done by sharply snapping the
side of the dish with a fingernail to jolt the complexes free of the substratum. The com-
plexes are collected with a drawn glass pipette (drawn from 4-mm Pyrex glass tubing),
using a mouth pipette. Once collected the complexes can now be taken for oocyte matu-
ration (see section 2.2.3).



12 A LABORATORY GUIDE TO THE MAMMALIAN EMBRYO

2.2.2 Individual Follicle Cultures

Individual follicles can be manually dissected from the ovaries of prepubertal mice. The
main difference between manual dissection and enzymatic dissociation of the ovaries
is that the follicular units obtained by manual dissection have undisrupted basal lamina
and have thecal cells attached to the follicles, which are included in the culture. Whether
the follicles are maintained as intact units or allowed to disrupt depends on the different
culture conditions used. However, in both cases the isolation procedure is essentially
the same. The type of culture plate used and volume of media required depends on
whether follicles are to be grown as intact or non-intact units.

Animals
Follicles can be manually dissected from the ovaries of juvenile mice and rats. The age
of the animals used depends on the starting size of the follicles required. Mice and rats
between 12 and 14 days of age yield high numbers of follicles 100–130 mm in diam-
eter, whereas animals 21–25 days of age are a better source of follicles at a later stage of
preantral development (170–190 mm in diameter). If the endpoint of the culture is to
obtain viable oocytes, then the length of the culture period depends on the starting size
of the follicles. Early preantral follicles (100–130 mm) are cultured for 12 days, while
late preantral follicles (170–190 mm) are cultured for 5–6 days. We routinely culture in
the absence of antibiotics or antifungal agents to ensure that neither oocyte nor follicle
growth and development is compromised by the presence of these substances. This re-
quires that greater than usual care is taken with sterility during culture procedures. Al-
ternatively, penicillin and streptomycin could be added, as in section 2.2.1.

2.2.3 Culture Conditions for Follicles

Intact Follicles

1. Individual murine follicles are grown in the “U” wells of 96-well non–tissue-
culture treated plates (Iwaki, UK Japan). Each well contains 30 ml of culture media
(Protocol 1.4) overlaid with 75 ml of sterile silicon fluid (Merck, UK). Sterile sili-
cone fluid is used to overlay the culture media to avoid evaporation. Place follicles
individually into the wells and then move into wells of fresh media daily, using
finely-drawn and curved glass pipettes. After 5 or 6 days of culture, follicles will
have developed to the preovulatory stage, with fertilizable oocytes (Figure 1.4).

2. Alternatively, follicles can be grown under static conditions. In this instance fol-
licles need to be prevented from adhering to the culture plate if they are to be
maintained as intact units. Placing the follicles on squares of polycarbonate mem-
brane (Isopore, Millipore) glued to the base of flat bottom culture plates is one
technique that has been successfully used in static culture systems (27, 28). Most
researchers exchange half of the culture media every second day.

Non-intact Follicles
Culture the follicles under static conditions either in flat-bottom wells of 96-well tissue
culture treated plates (e.g., Bibby Sterilin) containing 75 ml culture media or in 20-ml drop-
lets of media placed onto suitable dishes (e.g., 60-mm Falcon petri dishes). In both instances
the culture media is overlaid with silicon fluid. Exchange half the media for fresh media
every 48 h. Again, oocytes can be successfully fertilized at the end of the culture period.

2.2.4 In vitro Maturation of Rodent Oocytes

Although a number of types of media have been used for isolation and maturation of
oocytes, Waymouth medium (Protocol 1.5) has been shown to yield the highest per-
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centage of mouse oocytes capable of development to the blastocyst stage (29). Other
media might be preferable for the oocytes of different species. If fertilization of the in
vitro-matured oocyte is part of the proposed experiment, then the medium used for both
collection and maturation should be supplemented with 5% FBS or 1 mg/ml fetuin (3)
to prevent hardening of the zona pellucida. Oocytes can be matured on a petri dish in
drops of medium under washed oil placed in 5% CO2 incubator overnight, or in 1 ml of
medium in snap-cap tubes placed in a 37°C waterbath overnight. Some investigators
have found that a gas mixture of 5% CO2, 5% O2, and 90% N2 is an advantageous com-
ponent of in vitro maturation protocols. After growing follicles using isolated culture
techniques, the addition of epidermal growth factors to the maturation medium has been
found to be beneficial (30, 31), as is also the case in other species (porcine [32]; bovine
[33]; ovine [34]).

Figure 1.4. (A) Photomicrograph of an intact preantral follicle (180 mm in diameter) freshly
dissected from mouse ovary. Note the clump of thecal tissue attached to the follicle. (B) Histo-
logical section of a preantral follicle cultured for 6 days as described in text and maintained as an
intact unit throughout the culture period. The follicle has grown from around 180 mm in diam-
eter with no antral cavity to 400 mm in diameter with a large antral cavity over the culture period.
The thecal tissue is now evenly distributed around the follicle.
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2.2.5 Cultures in a Three-Dimensional Matrix

In this system follicles are isolated enzymatically and placed within a collagen gel or
agar matrix to retain three-dimensional integrity. This system has been used to culture
preantral follicles from mice, hamsters, and humans.

Collagen-gel Solution
Collagen gel is extracted from the tail tendons of rats by the methods of Ehrmann and
Gey (35) and Chambard et al. (36).

1. Transfer the tendons to 70% alcohol and rinse in sterile distilled water. Then add
1 g of tendon to 100 ml 1:1000 acetic acid and stir at 40°C for 48 h.

2. Centrifuge the solution at 2000 g on a benchtop centrifuge for 1 h. This solution
can be stored at 4°C for up to 8 weeks.

Setting Gel Solution

1. Prepare gels immediately before use by mixing 200 ml serum with 200 ml con-
centrated (X10) medium 199 at 4°C. (Note: Place all dishes on ice.)

2. Adjust the pH by adding 500 mM NaOH until the indicator (phenol red) turns the
appropriate color for physiological pH. (The amount of NaOH required has to be
calculated by titration for each batch of collagen.)

3. Transfer groups of enzymatically isolated follicles to the wells of a Terasaki plate
(Flow Laboratories) and add 10 ml of the collagen gel solution to each well and
pipette once to suspend the follicles within the gel.

4. Incubate at 37°C for 2–3 min until the gel sets. Pipette 20 ml of gel solution into
empty wells and place the 10 ml gel containing the follicles within it to form a
double gel. This double gel is necessary to avoid follicle losses resulting from
collagen gel contraction during culture and processing.

Culture Wells
Four collagen droplets are cultured in 1 ml of culture medium (Protocol 1.6) in 24-well
culture plates. At the end of the culture period, the collagen gel must be treated with
3 mg/ml collagenase to isolate follicles from the gel.

2.3 Culture of Preantral or Early-Antral Follicles
from Large Mammalian Species

2.3.1 Culture of Cattle and Sheep Follicles

Preantral Follicle Isolation

1. Transport bovine and ovine ovaries (obtained from an abattoir) in HEPES-buffered
M199, at 25–30°C. In a laminar flow hood, rinse ovaries with 70% alcohol.

2. Take slices of ovarian cortex using a scalpel and place them in dissection me-
dium as in Protocol 1.7 (Figure 1.5).

3. Under the dissecting microscope, isolated preantral follicles (100–200 mm) in a
petri dish, from the cortical slices using fine 25-G needles attached to syringe
barrels.

4. Select follicles with an intact basement membrane and even granulosa and theca
layers for culture.

5. Culture isolated bovine preantral follicles individually in 96-well plates (Bibby
Sterilin Ltd., Stone, Staffs, UK) in 250 ml of culture medium (Protocol 1.7).

6. Incubate plates in a sterile humidified atmosphere with 5% CO2 at 37°C. Replace
half of the medium every second day.
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2.3.2 Culture of Porcine Follicles

Systems to support development of porcine oocytes are more advanced than those for
other large animal species. The greatest success has been achieved by using preantral
follicles from prepubertal pigs. Oocytes from pig preantral follicles grown within a
collagen gel matrix have been found to be meiotically competent if they reach a diam-
eter of at least 100 mm (37), but fertilization of in vitro-grown oocytes has not been
achieved using this system (37). The follicles isolated in this study consisted of an oo-
cyte of 70–90 mm and granulosa cells with no theca, so that these structures were granu-
losa–oocyte complexes. Although 30% of the cultured complexes reach the preovulatory
size after 16 days of culture, only 3.5% developed an oocyte with a diameter > 110 mm.
After removal of the oocyte from its granulosa layers and maturation for 2 days, only
1.3% of oocytes from the initially cultured follicular structures were capable of reach-
ing metaphase II stage of meiosis. This low rate of success to resume and progress in
meiotic maturation will be the result of many factors, but the main ones will be the se-
lection and stage of follicles that start the culture and the culture conditions.

The Hirao study (37) grew follicles within a collagen gel matrix, and we have found
that this is suitable for porcine preantral follicles < 100 mm in diameter, but once fol-
licles reach a size of 150–200 mm in diameter, transfer to the surface of a collagen matrix
improves oocyte growth. It may be that a three-dimensional support and closer contact
with other follicles is required at an early stage of development but that as development
proceeds this environment becomes inhibitory.

Figure 1.5. Diagram illustrating the method used to obtain individual bovine follicles.
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A recent study reported in vitro development of porcine oocytes from preantral fol-
licles that were capable of maturation and fertilization after 4 days of development in
vitro (38). This study used North Carolina State University 23 medium (NCSU23) supple-
mented with 3 mg/ml BSA (Sigma, Poole, Dorset, UK; fraction V), 3.5 mg/ml insulin,
10 mg/ml transferrin; 100 mg/ml ascorbic acid, and 10% porcine serum. Optimum con-
ditions were found if three follicles were cultured per well. The study (38) reported a
remarkable growth rate of the oocyte during a short culture period, although this labo-
ratory has been unable to replicate these results.

2.3.3 Culture of Human Follicles

A few studies have attempted to mature human follicles that have begun their growth
phase (10, 39). These follicles were isolated and placed into either agar or collagen gels
and underwent limited development. Although the follicles underwent some develop-
ment, little information was obtained on oocyte quality, as these are difficult to recover
from the gel matrix.

3. DATA ANALYSIS

3.1 Cultures to Obtain Mature Oocytes

Much of the work using follicle culture is carried out with the technical aim of maturing
follicles in vitro to the point at which oocytes can be fertilized (in some cases, particu-
larly with larger species, there will first be a further period of oocyte–cumulus cell cul-
ture to promote oocyte maturation). In these instances, data will usually be collected on
the percentage of oocytes capable of developing to a further stage after culture. For
example, Telfer et al. (40) examined how both the size of the follicle at the start of cul-
ture and the presence or absence of serum in the culture medium could affect the ability
of the oocytes to progress to stage II of meiosis at the end of the culture period. As can
be seen from Table 1.2, only when follicles with a starting diameter of > 200 mm were
cultured in the presence of serum were any oocytes able to progress to metaphase II at
the end of the culture period.

In other instances (mainly when small-mammal follicles are being cultured), the
endpoint of the culture will be a comparison of the percentage of oocytes able to un-
dergo fertilization, or, ideally, to achieve full developmental competence. Eppig and
O’Brien (41) have examined how culture conditions can affect both these processes, in
comparison to oocytes obtained from in vivo-grown follicles (Figure 1.6).

Table 1.2. Number of Porcine Oocytes Harvested from In Vitro-Grown
Follicles after a 20-day Culture Period

Follicle
Size (mm) Culture (N) No. Recovered GV (%) MII (%) Dead (%)

160–210 Control (80) 39 28 (72) 0 10 (25)
210–260 Control (80) 37 20 (54) 0 14 (38)
160–210 Serum (64) 63 49 (78) 0 13 (21)
210–260 Serum (64) 52 31 (60) 10 (19) 7 (13)

Two populations of follicles were selected by size (160–210 mm and 210–260 mm) at the start
of the culture period. At the end of the culture period, oocyte–cumulus cell complexes were
liberated from the follicles and placed in maturation media for a total of 44 h. At the end of
the maturation period, oocytes were stripped of cumulus cells and then fixed and stained with
aceto-orcein to determine their meiotic status (GV= germinal vesicle stage; MII = metaphase
II). Reprinted from Telfer et al. (40), with permission from Elsevier Science.
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Figure 1.6. Developmental competence of oocytes grown and matured in vitro (IVG/IVM) and
those grown in vivo and matured in vitro (in vivo-grown/IVM). The top panel shows the per-
centage of mature oocytes that cleaved to the two-cell stage after insemination, and the bottom
panel shows the percentage of two-cell stage embryos that developed to the blastocyst stage. No
common letters on or over the bars indicate a difference of >95% confidence level. Fewer oo-
cytes grown in serum-free medium underwent cleavage to the two-cell stage than those grown in
the presence of FBS or those grown in vivo. Likewise, the percentage of embryos derived from
oocytes grown in serum-free medium that were competent to complete the two-cell stage to blas-
tocyst transition was significantly lower than embryos derived from oocytes grown in medium
supplemented with FBS (but not FBS plus FSH). Reprinted from Eppig and O’Brien (41), with
permission from Elsevier Science.

3.2 Cultures to Examine the Regulation of Follicle Development

Where cultures are carried out as a technique to allow investigations into the regula-
tion of oocyte development (rather than to increase the number of oocytes available
for fertilization), the type of data collected is more variable. In many instances, infor-
mation will simply be gathered on the growth of the follicles during culture, such as
in Figure 1.3C, which demonstrates that culture of newborn mouse ovaries (which
contain mainly primordial follicles at the start of culture) supports follicle growth over
the culture period. Furthermore, it shows that ovaries cultured in the presence of FBS
contain more developed follicles with larger oocytes than those cultured in the pres-
ence of BSA.

In other cases, cultured material might be analyzed to determine molecular or cellular
aspects of follicle development. Figure 1.7 shows the results of McGee et al. (27), who
analyzed rat follicles cultured in serum-free conditions to determine whether cGMP and
FSH in combination could stimulate both follicle growth and also production of inhibin a
during follicle culture. Finally, culture systems such as this, which can support develop-
ment in a physiological manner, can be used to identify new factors regulating follicle
development. One recent example of this is work by Vanderhyden and MacDonald (42),
using culture of oocyte–granulosa cell complexes to show that oocytes secrete a factor
affecting steroid production by the granulosa cells. Figure 1.8 shows that, whereas
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Figure 1.7. Growth of rat preantral follicles in culture. (A) Diameters of individual preantral fol-
licles were measured over 48 h in culture. Treatment groups include serum-free medium alone
(control) and with or without 8-br-cGMP (5 mM) and/or FSH (100 ng/ml). For comparison, some
cultures were also treated with FSH plus 5% rat serum. Numbers in parentheses represent the num-
ber of follicles cultured per group. (B) Immunoblot analysis of inhibin-a-antigen content in cul-
tured preantral follicles. Protein was extracted from 20 follicles/treatment group after culture for
48 h in control conditions, FSH (100 ng/ml) plus serum (5%), or FSH plus 8-br-cGMP (5 mM).
Note that follicles grown in FSH plus 8-br-cGMP but in the absence of serum stimulated both growth
of the follicles and also production of inhibin-a. Adapted from McGee et al. (27), with permission
from The Endocrine Society.
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oocytectomized complexes secrete increasing quantities of progesterone as the culture
progresses, progesterone secretion from intact complexes remains low throughout.

4. CONCLUSION

Many recent studies of follicle and oocyte development have used various methods of
follicle cultures. The majority of these studies have used rodents as models because
material is easy to obtain and there is a short time span for follicle development, both in
vivo and in vitro. In the future, it is likely that increasing effort will be placed in further
developing systems to support in vitro growth of the follicles of humans and domestic
species, with the more practical endpoint of producing a large supply of competent
oocytes. We have detailed some of the more commonly used methods today for use with
both small and large mammals, although there are many more variations in use—too
many to comprehensively outline here. In general, the system of choice will depend both
on the aim of the culture (the endpoint and information wanted) and on how the fol-
licles are obtained from the ovary (whether they are intact or not).

At present, culture techniques that allow fertilizable oocytes to be obtained from
primordial follicles are possible only in the mouse. It is hoped that this will also become
possible in larger species before too long, probably, as with the mouse, using a succes-
sion of different in vitro techniques.

In a recent study, oocytes have been derived from cultured mouse embryonic stem
cells, which formed follicle-like structures and even undergone what appears to be par-
thenogenic activation (43). The viability of these oocytes is not yet known, but this
breakthrough opens exciting possibilities for the future production of female germ cells
in vitro.

Figure 1.8. Accumulation of progesterone in cultures of intact (OOC) and oocytectomized
(OOX) oocyte–granulosa cell complexes from preantral, early antral, and antral follicles. Com-
plexes were stimulated with FSH (150 ng/ml) and testosterone (500 nM) for 48 h. Values are
means ± SEMs for a minimum of three experiments. *Significantly different (p < .05) from the
same-stage OCC. Reprinted from Vanderhyden and MacDonald (42), with permission from the
Society for the Study of Reproduction.
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Protocol 1.1. Culture medium for whole organ culture (rodent and domestic species)

Waymouth medium MB752/1 supplemented with

0.23 mM pyruvic acid
50 mg/l streptomycin sulfate
75 mg/l penicillin G
3 mg/ml BSA or 10% FBS

Protocol 1.2. Culture medium for human whole-organ culture

Earle’s Balanced Salt Solution, supplemented with

5% inactivated human serum
0.47 mM sodium pyruvate,
0.5 IU rh follicle-stimulating hormone
Penicillin (50 IU/ml) and streptomycin (50 mg/ml)

Protocol 1.3. Media for granulosa–oocyte rodent cultures

Dissection media

Leibovitz (Invitrogen BRL, UK) with

2 mM sodium pyruvate
3 mg/ml bovine serum albumin
75 mg/ml penicillin G + 50 mg/ml sterptomycin

Culture media

To 1 l of Waymouth (MB752/1) medium, add

2.240 g of sodium bicarbonate
75 mg penicillin G potassium salt
50 mg streptomycin
25 mg pyruvic acid sodium salt

Protocol 1.4. Media for individual rodent follicle cultures

Dissection media

Leibovitz L-15 media (Life Technologies)
3 mg/ml BSA (fraction V, Sigma) or FBS

Culture media

a-MEM (Life Technologies, UK)
5% serum (either fetal bovine serum, rat or mouse serum, dependent on type of

culture)
1 IU/ml recombinant FSH
25 ng/ml ascorbic acid

Preparation for Culture

1. For each pair of ovaries, 6 ml of L-15 media is required. Place 1-ml aliquots into
glass dissection dishes and keep at 37°C.

2. Prepare suitable culture plates (see below) and preincubate to allow media and
the silicon fluid to equilibrate prior to use.
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Follicle isolation

1. Dissect ovaries from the animal and place them in a dish containing L15 medium.
Remove all adhering tissue and the bursa and transfer the cleaned ovaries to a
fresh dish of L15 medium.

2. Bisect the ovaries and transfer pieces to individual dishes of L15. Keep at 37°C.
3. Using 2 × 25-G needles, gently tear the tissue into smaller pieces. Follicles for

culture can then be identified from these pieces and dissected free of surround-
ing tissue. Acupuncture needles (30 G) mounted into a holder are useful tools for
dissection, as these have a fine point and no barb.

4. Transfer isolated follicles (using fine drawn glass pipettes coated with 0.1% BSA
solution to prevent sticking) to a fresh L15 dish before selection. Follicles are se-
lected for culture on the basis of size and morphological characteristics. The oo-
cyte needs to be centrally located surrounded by tightly layered granulosa cells with
no obvious gaps between them. To maintain intact follicles that will grow well over
the culture period, a small clump of thecal-interstitial tissue needs to be attached to
the basement membrane. At dissection, this thecal layer tends to be very ragged
(Figure 1.4A), but within a day or two of culture, thecal cells from the very edge
die, and a smooth, even layer of theca remains round the follicle.

Protocol 1.5. Media for in vitro maturation of rodent oocytes

Media with serum

To1 l of Waymouth (MB752/1) medium add

2.240 g sodium bicarbonate
75 mg penicillin G potassium salt
50 mg streptomycin
25 mg pyruvic acid sodium salt
5% FBS

Serum-free media

Waymouth (MB752/1) media containing

3 mg/ml BSA
5 mg/ml insulin
5 mg/ml iron-saturated transferrin
50 mM 3-isobutyl methylzanthine

Protocol 1.6. Me]dium for three-dimensional matrix cultures

M199 (Invitrogen) supplemented with

75 mg/ml penicillin
50 mg/ml streptomycin
0.1 mg/ml L-glutamine
3.5 mg/ml sodium pyruvate
10% heat-inactivated donor calf serum

Protocol 1.7. Media for cattle and sheep follicle cultures

Dissection media

100 ml Liebovitz’s medium (Invitrogen) with

2 mM sodium pyruvate
2 mM glutamine
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3 mg/ml BSA
75 mg/ml penicillin G
50 mg/ml streptomycin

(All chemicals from Sigma.)

Culture media

McCoy’s 5a medium with bicarbonate, supplemented with

20 nM HEPES
0.1% BSA
3 mM L-glutamine
100 IU/ml penicillin
0.1 mg/ml streptomycin
2.5 mg/ml transferrin
4 ng/ml selenium
10-7 M androstenedione
10 ng/ml insulin

(All chemicals from Sigma.)
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1. IMPORTANCE OF OPTIMAL CONDITIONS

The conditions used for the collection and manipulation of gametes and/or embryos has
a significant impact on the subsequent developmental potential of the embryo. It is there-
fore essential when handling gametes/embryos that factors such as temperature, pH,
medium composition, and so forth, are always optimized during collection and handling
of embryos to minimize stress. For example, mammalian oocytes and embryos should
never be exposed to a medium lacking amino acids (see below). This care to minimize
stress is necessary if the handling period is for a very short time (less than 5 min) or
chronic (several hours), as the developmental competence of the embryos can be af-
fected. Whether the final outcome of an experiment is to produce live young or mea-
sure the physiology or genetic make up of an embryo, the conditions that the embryo is
exposed to during the manipulation period are crucial.

2. HANDLING OF GAMETES AND EMBRYOS

2.1 Composition of Handling Media

The formulation of the handling media is an important consideration and can impact
subsequent developmental competence of the embryo. Handling media require a buff-
ering system that maintains pH on the bench. We recommend media that are HEPES or
MOPS based rather than phosphate based. The use of PBS should be avoided, as there
is a large body of literature demonstrating the inhibitory effect of phosphate on embryos
even at very low levels in the micromolar to nanomolar range (1–8). To further reduce
any possibility of inducing stress to the embryo, the handling media formulations should
be HEPES/MOPS-buffered modifications of the appropriate culture media (i.e., the
formulations are tailored to support the physiology of the particular stage of develop-
ment, such as precompaction or postcompaction; (see chapter 3).
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Regardless of the stage of development or the species of gametes and embryos, Eagle’s
nonessential amino acids (alanine, asparagine, aspartate, glutamate, glycine, proline,
serine) are an essential component of handling media. These amino acids have an es-
sential role in maintaining the physiology of gametes and embryos by acting as osmolytes,
pH buffers, energy substrates, and chelators (9–11). Even a short-term exposure (5 min)
of embryos to a medium lacking these seven amino acids has a significant detrimental
effect on subsequent development (Figure 2.1). Therefore, these 7 amino acids should
always be present in all formulations for the handling and manipulation of gametes and
embryos for all species (see Tables 2.1–2.3) whether the collection and handling period
is short term (few minutes) or longer term (several hours).

Handling media should be used at a pH of 7.2–7.3, as this is the physiological intra-
cellular pH for mammalian embryos. This is particularly important for the manipula-
tion of oocytes, as they appear to lack any active pH transport systems (12–14). Handling
media are usually supplemented with serum albumin (BSA, HSA) or a synthetic macro-
molecule such as PVA. The use of serum should be avoided due to its detrimental ac-
tions on embryo physiology (10, 15–18).

2.2 Quality Control

The quality of the media used for handling gametes and embryos depends on the qual-
ity of the components used to prepare the media. Therefore, for all chemicals and con-
tact supplies it is advisable to employ a rigorous quality assurance/quality control
(QA/QC) program before introducing a component into the embryo culture system (see
chapter 3).

2.3. Temperature

For best results, gametes and embryos should be handled at 37°C for mice and hu-
mans or 38.5°C for cows. The temperature of the warm plates and stages should be
calibrated to reflect the temperature in the dish and not taken directly from the stage,
as the temperature within the dish is usually several degrees cooler. All warm stages
should be checked on a weekly basis. For more detailed description of QC/QA, see
chapter 3.

Figure 2.1. Effect of the absence of amino acids (aa) in the collection medium on subsequent
embryo development. Hatched bars represent morula development after 72 h of culture; filled
bars represent blastocyst development after 96 h of culture; open bars represent blastocyst cell
numbers (mean ± SEM). **Significantly different from medium with amino acids (p < .01).
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3. PROTOCOLS FOR IVM, IVF, AND EMBRYO COLLECTION

This section is divided into three parts: (1) collection of mouse gametes and embryos,
(2) IVM and IVF protocols, and (3) media formulations and preparation. Detailed em-
bryo culture protocols are provided in chapter 3.

3.1 Superovulation Protocols for Mice

To increase the numbers of embryos available for an experiment and to reduce the num-
bers of animals that are required, it is common to induce multiple ovulations in mice by
administering hormones (Table 2.1). Superovulation protocols also assist in the syn-
chronization of embryo timing between females. Best results from superovulation pro-
tocols are achieved by using prepubertal females (3–5 weeks old). Two hormones are
administered by intraperitoneal injection 48 h apart. The first injection of pregnant mare’s
serum gonadotrophin (PMSG) provides FSH that recruits follicles for ovulation. This is

Table 2.1. Timetable for Embryo Collection

Day of Day of Zygote, 2-Cell, 8-Cell, Morula, Blastocyst,
PMSG hCG 10 AM, 11 AM, 6–8 AM, 3–4 PM, 8–9 AM,
Injection Injection Day of Plug Day 2 Day 3 Day 3 Day 4

Monday Wednesday Thursday Friday Saturday Saturday Sunday
Tuesday Thursday Friday Saturday Sunday Sunday Monday
Wednesday Friday Saturday Sunday Monday Monday Tuesday
Thursday Saturday Sunday Monday Tuesday Tuesday Wednesday
Friday Sunday Monday Tuesday Wednesday Wednesday Thursday
Saturday Monday Tuesday Wednesday Thursday Thursday Friday
Sunday Tuesday Wednesday Thursday Friday Friday Saturday

The light cycle in the mouse room is 14 h daylight and 10 h dark. Daylight is from 5 AM to 7 PM. The room temperature is
21° ± 2°C. Hormone injections are administered between 12 and 1 PM.

Table 2.2. Formulations of Media for Manipulation of Mouse Embryos

Handling Medium Mouse Fertilization Medium
Component (mM) (mM)

NaCl 90.5 100.5
KCl 5.5 5.5
NaHPO4 0.5 0.5
MgSO4 1.0 1.0
NaHCO3 2.0 25.0
CaCl2 1.8 1.8
Lactate 10.5 10.5
Pyruvate 0.35 0.35
Glucose 0.5 3.15
Alanyl-glutamine 0.5 0.5
Alanine 0.1 0.1
Aspartate 0.1 0.1
Asparagine 0.1 0.1
Glutamate 0.1 0.1
Glycine 0.1 0.1
Proline 0.1 0.1
Serine 0.1 0.1
Taurine 0.1 0.1
MOPS/HEPES 23.0 —
Glutathione — 1.0 g/l
Phenol red 0.005g/l 0.005 g/l

For protocols on how to prepare media, see instructions in chapter 3.
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followed 48 h later by an injection of human choronic gonadotrophin (hCG), which
mimics the LH surge and results in ovulation. The injection interval should be kept be-
tween 46 and 48 h. It is essential that the hCG injection is given before the endogenous
LH surge, which occurs around 15–20 h after the middle of the second dark cycle. Fe-
males are then placed with males and allowed to remain overnight. Mating can be
detected by the presence of a vaginal plug the next morning. Fertilized embryos can then
be collected (see below). Response to superovulation procedures vary significantly be-
tween strains of mice. We typically give a dose of 5 IU per mouse for mice 3–4 weeks old.

Hormone solutions can be prepared by reconstituting lyophilized powder in sterile
saline at a concentration of 50 IU/ml. For most prepubertal mice this results in a injec-
tion of 0.1 ml per mouse. Hormones can be stored for 2–3 weeks at –20°C or at –80°C
for 2–3 months. There are significant differences in the ability of different batches of
hormones, so each new lot should be prescreened before use.

3.2 Collection of Embryos

In mice (and other rodents), early cleavage stage embryos can be collected from the
oviduct of mated animals by flushing the oviduct through the infundibulum with han-
dling media. In addition, for mouse embryos, ovulated oocytes and zygotes (up to around
15 h post-hCG) can be collected by tearing the oviduct in the ampullary region. At this
stage the ampulla is swollen and the embryos are under positive pressure and are there-
fore expelled from the oviduct when the wall of the ampulla is breached.

A timetable for the collection of different stage mouse embryos is provided in Table
2.1. Details for the dissection of the reproductive tracts and the collection of zygotes, two-
cell, eight-cell/morula, and blastocyst stage embryos is provided in Protocols 2.1–2.4.

3.3 Isolation and Maturation of Germinal Vesicle
Stage Mouse Oocytes

Immature germinal vesicle stage oocytes are obtained when mice are around 22–26 days
of age. It has been reported that using mice between 4 and 5 weeks old results in a low
yield of quality oocytes (19). Oocytes surrounded by granulosa cells are aspirated from
ovaries 44–46 h after PMSG injection. Ovaries are removed from the female in warmed

Table 2.3. Formulations of Media used in Bovine IVM/IVF

Component Modified Fert-Talp Sperm-Talp HEPES/MOPS-Fert-Talp

NaCl 114.0 100.0 114.0
KCl 3.2 3.1 3.2
NaHPO4 0.4 0.3 0.4
MgSO4 0.5 1.2 0.5
NaHCO3 25.0 25.0 5.0
CaCl2 2.6 2.6 2.6
Lactate 10.0 21.0 10.0
Pyruvate 0.25 1.0 0.25
Glucose — — —
Alanine 0.1 — 0.1
Aspartate 0.1 — 0.1
Asparagine 0.1 — 0.1
Glutamate 0.1 — 0.1
Glycine 0.1 — 0.1
Proline 0.1 — 0.1
Serine 0.1 — 0.1
MOPS/HEPES — 10.0 20.0
Phenol red 0.001 0.001 0.001
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handling media. The cumulus-enclosed oocytes can then aspirated from the follicles,
washed, and placed into maturation media to mature overnight (see Protocols 2.5 and 2.6).

Once mouse oocytes are removed from the follicles, the zona hardens and becomes
impenetrable by sperm. Therefore it is necessary to either include serum in the media
for collection or add fetuin (1 mg/ml) to media without serum.

3.4 In Vitro Fertilization of Mouse Oocytes

Mouse oocytes are fertilized by sperm at around 13–15 h post-hCG or after 16–17 h of in
vitro maturation (Protocol 2.7). The success of IVF in the mouse is highly dependent on
the strain of male mouse. For example, sperm from F1 hybrids fertilize oocytes at high
rates (range of 80–90%), but sperm from CF1 males fertilize oocytes at very low rates
(range of 10–30%), regardless of the strain of mouse that the oocytes originated from.

3.5 Collection, Aspiration, Maturation, and Fertilization
of Bovine Oocytes

It is common to obtain slaughterhouse material for the generation of IVM/IVF/IVC (in
vitro maturation/in vitro fertilization/in vitro culture) bovine embryos. The protocols
used in our laboratory for the collection, maturation, and fertilization of bovine oocytes
are provided in Protocols 2.8–2.10.

3.6 Embryo Transfer in Mice

In mice, embryos are transferred to pseudopregnant recipients. Pseudopregnant recipi-
ents are obtained by mating females to vasectomized males. Cleavage-stage embryos
are usually transferred to the oviduct and blastocyst-stage embryos to the uterus. De-
pending on the desired result of the embryo transfer, the day of the recipient (day of
pregnancy) can vary. Usually, for experiments involving determining the relative health
of an embryo after culture, it is advisable to use synchronous recipients, as this will be
the strictest test of a comparison of the embryo’s development compared to in vivo-
developed embryos. However, if the endpoint of the embryo transfer is to produce off-
spring (e.g., after transgenic manipulation), it is preferable to use –1 (for cleavage stages
and blastocysts) or –2 (for blastocysts) asynchronous recipients.

3.6.1 Vasectomies

Males are vasectomized by removing the vas deferens. Males are anesthetized and a
portion of the vas deferens removed (Protocol 2.11). Males are allowed to recover from
the surgery for 2–3 weeks and then they are mated to superovulated females, and on
day 2 after plugging the oviducts are flushed. The presence of oocytes rather than two-
cell embryos indicates that the surgery was successful.

3.6.2 Preparation of Pseudopregnant Recipients

Females at 8–12 weeks of age are placed with the vasectomized males, and the next
morning mating is checked by the presence of a vaginal plug. To increase the chances
of the females cycling and being mated, the status of the vagina can be examined to
select females (20). The day of plug is designated day 1 of pseudopregnancy.

3.6.3 Embryo Transfer

Protocols for oviduct and embryo transfers are provided in Protocol 2.12. Due to the
separated cervix in the mouse, it is possible to transfer embryos from different treat-
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ments to each uterine horn. This has the advantage of removing any variation in results
that may result from different recipient females. When embryos from two different treat-
ments are transferred to the recipient female, it is common to assess implantation and
fetal development between days 14 and 18.

The strain of mice used as the recipient female can have a bearing on the outcome of
the transfer procedure. If the endpoint of the embryo transfer is to produce live young,
it is very important to use strains of mice that will make good foster mothers. In our
experience F1 hybrids (C57BL/6 × CBA) and CF1 females make good recipients and
foster mothers.

CONCLUSION

The conditions under which embryos/gametes are collected and manipulated can have
a significant effect on the subsequent developmental competence of the embryo. There-
fore, conditions should aim to minimize stress to the gametes and embryos.

Protocol 2.1. Dissection of reproductive tracts

Procedure

1. Bring the mated female mice into the dissection area.
2. Place a 35-mm petri dish containing 2–3 ml of handling medium on a warm stage

at 37°C adjacent to the dissection area.
3. Disinfect instruments with 70% ethanol.
4. Sacrifice the mouse humanely by cervical dislocation and place it ventral side

up on absorbent paper.
5. Disinfect the abdomen with 70% ethanol.
6. Cut the peritoneum to expose the body cavity.
7. Move the coils of gut to one side to expose the reproductive tract.
8. Hold the utero-tubal junction with watchmaker’s forceps, and, using the point

of a pair of scissors, blunt dissect strip the surrounding connective tissue from
the uterus.

9. For collection of the oviduct, make a cut between the oviduct and the ovary (avoid
cutting the ovary). For collection of zygotes and two-cell embryos, make a sec-
ond cut below the utero-tubal junction to isolate the oviduct from the uterus.
For collection of eight-cell embryos, make a second cut around one-third of the
way down the uterine horn. Place the dissected tissue into the collection dish of
handling medium (see Table 2.2).

10. For collection of the uterus, make a cut below the utero-tubal junction of both
uterine horns to isolate the uterus from the oviduct. Make a second cut through
the cervix and place the connected uterine horns into the collection dish of han-
dling medium.

Protocol 2.2. Collection of mouse ovulated oocytes and zygotes

Preparation

Before collection of the oviducts, warm 10 ml of handling medium and a 1-ml aliquot
of hyaluronidase (1mg/ml) to 37°C.

Prepare pulled Pasteur pipettes with an internal volume of >100 mm for manipula-
tion of the embryos. A pipette that is just larger than the embryos is essential to ensure
adequate washing and minimal transfer of medium between drops.
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Procedure

1. Place approximately 500 ml of handling medium into a new collection dish, either
a 35-mm petri dish or organ-well dish.

2. Transfer an oviduct to the new collection dish, one at a time.
3. Stabilize the oviduct with fine forceps and locate the swollen ampulla.
4. Tear the ampulla of the oviduct to release the cumulus mass. Discard the oviduct

and transfer a new oviduct to the collection dish. Repeat procedures 3–4 until the
cumulus masses from each oviduct are released (Figure p2.1).

5. Add the 500 ml of warmed hyaluronidase solution (1 mg/ml, 1100 U/ml) to the
dish to remove cumulus cells. Expose for 20–60 s and collect embryos as soon as
they become denuded.

6. During the exposure of the cumulus complex to hyaluronidase, set up three wash-
ing drops of handling medium (approximately 50 ml) in a collection dish or the
lid of a collection dish.

7. Wash denuded embryos through the three drops of handling medium.
8. Embryos are now ready to be placed into culture.

Embryos from some strains are very susceptible to their environment. Therefore,
it is important to minimize the time from extraction of the cumulus masses and place-
ment in culture. It is advisable to keep this time period to a maximum of 10 min.
Therefore, it is preferable to do multiple smaller embryo collections rather than one
large collection.

Figure p2.1. Collection of mouse zygotes from the ampullary region of the oviduct: (a) The
swollen ampulla containing the cumulus-oocyte complex is located. (b) Using a pair of watchmaker’s
forceps the ampullary region of the oviduct is grabbed. (c) The ampulla is then torn with the
watchmaker’s forceps. (d) The cumulus-oocyte complex is released into the collection medium.
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Protocol 2.3. Collection of mouse two-cell and eight-cell embryos

Preparation

Before collection of the oviducts, warm 10 ml of handling medium to 37°C.
Prepare pulled pasteur pipettes with an internal volume of >100 mm for manipula-

tion of the embryos. A pipette that is just larger than the embryos is essential to ensure
adequate washing and minimal transfer of medium between drops.

Attach a sterile 1-ml syringe containing handling medium to a 32–35 gauge blunted
needle.

Procedure

1. Place approximately 1 ml of handling medium into a new collection dish (either
a 35-mm petri dish or organ well dish).

2. Transfer an oviduct to the new collection dish, one at a time.
3. Stabilize the oviduct with fine forceps and locate the infundibulum. Gently grasp

the neck of the infundibulum with a pair of watchmaker’s forceps.
4. Insert the blunted needle into the infundibulum (see Figure p2.2).
5. Gently flush medium through the infundibulum. The coils of the oviduct will swell,

and the embryos will flush from the cut uterine horn.
6. Collect and wash embryos in another well of handling medium and place into

culture.

Figure p2.2. Flushing 2-cell embryos from the oviduct. (a) and (b) picture of a 35 gauge needle
inserted into the infundibulum of the oviduct. Media is then flushed through the needle and the
embryos are flushed from the oviduct into the collection medium.
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Protocol 2.4. Collection of mouse blastocysts

Preparation

Before collection of the uteri, warm 10 ml of handling medium to 37°C.
Prepare pulled Pasteur pipettes with an internal volume of >150 nm for manipula-

tion of the embryos. A pipette that is just larger than the embryos is essential to ensure
adequate washing and minimal transfer of medium between drops.

Attach a sterile 1-ml syringe containing handling medium to a 32–35 G blunted
needle.

Procedure

1. Place approximately 1 ml of handling medium into a new collection dish (either
a 35-mm petri dish or organ-well dish).

2. Transfer a pair of connected uterine horns to the new collection dish one at a time.
3. Insert the blunted needle into the cervix and up into one of the uterine horns.
4. Gently flush medium through the uterine horn. The embryos will flush from the

cut end of the uterine horn.
5. Repeat by inserting the needle into the other uterine horn and flush medium

through this horn.
6. Collect and wash embryos in another well of handling medium.

Protocol 2.5. Collection and aspiration of mouse germinal vesicle stage oocytes

Preparation for processing ovaries

Before collection of the ovaries, warm 20 ml of HEPES/MOPS-maturation medium (table
2.3) to 37°C.

Attach a sterile 27-gauge needle to 1-ml syringe.
Prepare pulled Pasteur pipettes with an internal volume of about 500 mm for manipu-

lation of the cumulus-enclosed oocytes complexes. A pipette that is just larger than the
complexes is essential to ensure adequate washing and minimal transfer of medium
between drops.

Procedure

1. Place 2–3 ml of HEPES/MOPS-maturation medium into a 35-mm petri dish on a
heated stage at 37°C.

2. Using watchmaker’s forceps, isolate the ovary and remove ovary from bursa.
3. Place the dissected ovary into the warm HEPES/MOPS maturation medium.
4. After all ovaries are collected, aspirate the cumulus-oocyte complexes under a

stereo microscope.
5. Place ovaries into a fresh dish containing 2–3 ml of warmed HEPES maturation

medium. Release cumulus oocytes complexes from the antral follicles by punc-
turing the follicles with the needle.

6. When all of the antral follicles have been aspirated, collect the cumulus-oocyte
complexes using the pulled Pasteur pipette and place them into a fresh dish of
HEPES maturation medium.

Protocol 2.6. Maturation of mouse germinal vesicle stage oocytes

Preparation of Maturation dishes

Germinal vesicle stage oocytes are matured overnight for approximately 16–17 h at 37°C
in 6% CO2:5%O2:89%N2.
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The morning of culture, dishes containing maturation medium are prepared. Matu-
ration can occur either in 35-mm petri dishes containing 2–3 ml of maturation medium
or in organ-well dishes containing 800 ml–1 ml of maturation medium covered with oil.
The benefits of using the organ-well dishes are that changes in pH and evaporation can
be minimized by the use of the oil overlay. However, due to the smaller surface area, a
smaller number of cumulus oocytes complexes can be matured in the organ well dishes.
Dishes should be equilibrated in the incubator for a minimum of 3 h.

For each maturation culture dish, prepare a separate wash dish. An organ-well
dish containing maturation medium and overlaid with oil is preferable, as this reduces the
changes in pH that may occur during washing of the cumulus-enclosed oocytes complexes.

Procedure

1. Using a pulled Pasteur pipette, transfer cumulus-enclosed oocyte complexes from
the HEPES/MOPS handling medium to a wash dish containing maturation
medium.

2. Wash cumulus-enclosed oocytes complexes by swirling the wash dish.
3. Transfer the washed cumulus-enclosed oocytes complexes to the maturation dish.

It is essential that the cumulus-enclosed oocytes complexes are separated in the
maturation dish. Therefore, before placing in the incubator, the dish should be
shaken gently to enable the oocytes to settle evenly throughout the dish.

4. Place maturation dishes containing the cumulus-enclosed oocytes complexes in
the incubator for 16–17 h.

Removal of the oocytes from the ovary results in hardening of the zona pellucida of
the oocytes. Therefore, it is essential that either serum or fetuin be included in all of the
media used for the isolation and maturation of the oocytes (see Table 2.3).

Protocol 2.7. In vitro fertilization of mouse oocytes

Preparation of animals

Administer PMSG solution to female mice via intraperitoneal injection (5 IU; i.e.,
0.1 ml solution per mouse) at 1800 h ± 30 min, 63 h before sperm collection.

Administer hCG solution to female mice via intraperitoneal injection (5 IU; i.e.,
0.1 ml solution per mouse) at 1800 h ± 30 min, 48 h after the PMSG injection was ad-
ministered, 15 h before sperm collection.

Preparation

The day before fertilization, prepare necessary media and dishes. It is advisable for sperm
capacitation and washing to use medium that is covered with oil to minimize changes
in pH and to avoid evaporation.

For sperm: (per male) 1 × 1000 ml mouse fertilization medium (Table 2.2) under oil
in an organ-well dish, equilibrated at 5% O2, 6% CO2, 89% N2.

For washing: (per 5 females) 1 × 800 ml mouse fertilization medium under oil, equili-
brated at 5% O2, 6% CO2, 89% N2.

For insemination: (per female) 1 × 90 ml mouse fertilization medium under oil, equili-
brated at 5% O2, 6% CO2, 89% N2.

For culture: appropriate culture medium (G1; see Chapter 3) in 20 ml drops under
oil, equilibrated at 5% O2, 6% CO2, 89% N2. Set up 2 drops per treatment as well
as an additional wash drop.

Procedure

1. On the day of fertilization, sacrifice males 13–15 h after administering the hCG
injection to females.
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2. Place the male on its back. Spray the abdomen with 70% ethanol and make a
cut through the skin and the peritoneum to expose the body cavity.

3. Pull the fat pad up with forceps to expose the testes and the epididymus. Locate
the vas deferens and gently blunt dissect the connective tissue away from the
vas deferens.

4. Cut the vas deferens around 0.5 cm away from the epididymus. While holding
the end of the vas deferens, dissect the epididymus away from the fat pad and
the testes and place into a dish of warmed handling medium.

5. Remove the sperm dish containing the mouse fertilization medium from the in-
cubator and place an epididymus with attached vas deferens into the dish. Slide
forceps along the vas deferens to remove the sperm through the cut end. Punc-
ture three or four holes in the epididymus to release further sperm from the
epididymus. Repeat for the other epididymus and vas deferens. Return to the
dish to the incubator for 1 h.

6. After 1 h the sperm should be dispersed and appear hyperactive. When taking
sperm from the dish, take only dispersed, motile sperm.

7. To count the sperm for insemination, place 95 ml of water into a 5-ml tube. Using
a different tip (as water will immobilize sperm), remove 5 ml of sperm and mix
well with the water. Using a fresh tip, load 10 ml of this immobilized sperm into
the top and bottom of the hemocytometer chamber. Count 5 squares (usually
4 corners and middle) of both the top and bottom. Average the counts. There
should be between 30–40 sperm. This will result in an insemination volume of
around 1 × 104 sperm/ml. If this is not the case, the insemination volume can be
adjusted to compensate for low sperm numbers.

8. Add 10 ml of sperm (taken from dispersed, motile sperm in the dish) to each
90 ml drop of mouse fertilization medium. When all drops have been insemi-
nated, return the fertilization dishes to the incubator.

9. Ovulated oocytes should be collected using the procedures outlined in Proto-
cols 2.1 and 2.2. For fertilization, cumulus-enclosed oocytes either freshly ovu-
lated or matured in vitro are washed well in warmed handling medium.

10. Wash oocytes once in mouse fertilization medium and place into the fertiliza-
tion drops containing the sperm, transferring a minimal amount of medium. Place
1–2 cumulus masses per drop or 20–30 matured oocytes. Return the dish to the
incubator. Gametes are coincubated for 4 h.

11. After 4 h, oocytes should be denuded and washed well in handling medium.
Oocytes can then be placed into culture in medium G1 (see Chapter 3).

Protocol 2.8. Collection, aspiration, and maturation of bovine oocytes

Preparation

Ovaries should be collected from the abattoir in saline. The temperature at which the ova-
ries are collected and stored for transport should be kept constant. Therefore, depending
on the distance and circumstances for the collection of the ovaries, the saline can be warmed
to 35–39°C, or, if this is not possible, the saline should be kept at room temperature.

For oocytes collection and maturation, the following media should be prepared:

• 2 l of saline for washing of the ovaries. This should be a similar temperature to the
saline used for transport.

• 100 ml of HEPES-TCM-199 (Protocol 2.10) for searching and washing.
• Dishes for maturation. Maturation can occur either in large volumes of 500 ml

covered with oil or in 50 ml microdrops under oil. It is preferable to always cover
the dishes with oil to minimize changes in pH and osmolality that may occur. In-
cubate dishes at 38.5°C, in 6% CO2 in air for a minimum of 4 h.
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Procedure

1. Before aspiration, wash ovaries well with saline to remove any blood or other
contaminants. Ovaries can be washed with 1% Nolvasan solution (Aveco Co. Inc.,
Fort Dodge, IA) and 1% 7X (ICN Biochemicals Inc., Costa Mesa, CA) to ensure
that there is no transfer of contaminants to the culture.

2. Aspirate cumulus-enclosed oocytes from follicles 2–10 mm in size using a 17–
19 gauge needle. The needle can be connected to either a 5-ml syringe (soaked
overnight in sterile water to remove any lubricant from the plunger) or to a vacuum
pump. It is essential that the pressure on the pump be around 50 mm Hg so that
the oocytes are not denuded by the aspiration process.

3. Collect follicular fluid containing the cumulus-enclosed oocytes in 10-ml tubes
and place the tubes in the tube warmer at 38.5°C. Leave the tubes for 5 min to
allow the cumulus-enclosed oocyte complexes to settle in the bottom of the tube.

4. Locate cumulus-enclosed oocytes from the follicular aspirate. A grid is scratched
onto the outer bottom of a 10-mm petri dish using a scalpel blade or needle to
assist in the searching. Using a sterile Pasteur pipette, remove the bottom 1 ml of
the follicular aspirate containing the sediment from the tube and transfer it to the
searching plate. To this sediment add 1–2 ml of HEPES-TCM-199 medium. Add
a further 2–3 ml of HEPES-TCM-199 medium to a 35-mm petri dish for collec-
tion of the cumulus-enclosed oocyte complexes.

5. Using a stereomicroscope, collect the cumulus-enclosed oocyte complexes and
place them into the collection dish. Select only oocytes with 3 or more layers of
cumulus cells, which are tightly compacted. Oocytes with expanded cumulus
masses or with no or few cumulus layers result in the production of few viable
embryos and are therefore not routinely used. Place all of the cumulus-enclosed
oocyte complexes that meet these criteria into the second 35-mm dish containing
HEPES-TCM-199.

6. Wash cumulus-enclosed oocyte complexes in a well/drop of maturation medium
and place them in the wells/drops of maturation medium. For 500 ml wells of
maturation medium 30–50 cumulus-enclosed oocytes are cultured in each well.
For 50-ml drops 5–10 cumulus-enclosed oocytes are cultured in each drop. Re-
turn cumulus-enclosed oocytes to the incubator and mature for 22–24 h at 38.5°C,
in 6% CO2 in air.

Protocol 2.9. In vitro fertilization of bovine oocytes and preparation for culture

Preparation

1. Media required for in vitro fertilization of bovine oocytes: 10 ml of Sperm Talp
(modified Tyrodes solution), 10 ml of modified Fertilization (fert) Talp, and
30 ml of fert HEPES medium. (Formulations for media are shown below.)

2. Dishes for fertilization. Fertilization can occur either in large volumes of 500 ml
covered with oil or in 50-ml microdrops under oil. It is preferable to always cover
the dishes with oil to minimize changes in pH and osmolality that may occur.
Dishes are incubated at 38.5°C, in 6% CO2 in air for a minimum of 4 h. An addi-
tional 1 ml of modified fert Talp is placed in the incubator to equilibrate for
resuspension of the final sperm pellet.

3. Place sperm Talp and fert HEPES in a tube warmer to warm to 38.5°C.

Procedure

1. Oocytes are fertilized 22–24 h after being placed into maturation medium. Prepa-
ration of the washed sperm by swim-up should begin around 1.5 h before the
insemination time. Place 1 ml of warmed sperm Talp into 4.5-ml tubes. Thaw
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out the appropriate number of semen straws. Remove straws from the liquid
nitrogen storage tank and place them into a 37°C waterbath for 1 min. Dry straws
with a Kimwipe and cut one end of the straw with sterile scissors. Hold the cut
end of the straw over an empty tube and cut the plugged end of the straw and
collect the semen into the tube. Using a pipette, gently layer 200 ml of the semen
under each 1 ml of sperm Talp. Cap the tubes and place them into the 37°C
waterbath for 1–1.5 h.

2. During this time, transfer cumulus-enclosed oocytes from the maturation dishes
to the fertilization dishes. Transfer cumulus-enclosed oocytes from the matu-
ration medium into a 35-mm petri dish containing 2–3ml of fert HEPES me-
dium warmed to 38.5°C. Gently swirl the dish to wash the oocytes. Repeat the
wash.

3. Remove fertilization dishes from the incubator and wash the cumulus-enclosed
oocytes once in modified fert Talp and then transfer them to the fertilization
drops. For 500-ml wells of modified fert Talp medium, 30–50 cumulus-enclosed
oocytes are cultured in each well. For 50-ml drops, 5–10 cumulus-enclosed
oocytes are cultured in each drop. Return fertilization dishes to the incubator.

4. After 1 h, remove the tubes containing the sperm swim-up from the waterbath
and remove the upper 800 ml from each swim-up tube and transfer it to a centri-
fuge tube. Spin the tube in a centrifuge at 700 G for 5 min.

5. Remove the tube from the centrifuge and remove the supernatant down to the
pellet. Add 3 ml warm sperm Talp and spin for an additional 5 min at 700 G.
After the spin, again remove the supernatant, leaving the pellet in a small
volume.

6. Resuspend the pellet using a pipette. Remove 5 ml from the pellet and mix with
95 ml of water in a clean tube. Load 10 ml of this dilution into a hemocytometer.
Count the number of sperm in 5 squares. Divide 7500 by this count. Add this to
the volume of the sperm pellet to a fresh tube and make up the volume to 300 ml
using the equilibrated modified fert Talp. For fertilization drops of 50 ml, the in-
semination volume is 2 ml for the 50-ml drops and 20 ml for the 500-ml wells of
medium.

7. Remove fertilization dishes from the incubator. To the fertilization drops
containing the cumulus-enclosed oocytes, add sperm and heparin at the
optimal concentration for the bull to be used. Heparin concentrations usually
range between 1 and 5 mg/ml of heparin and sperm concentrations range
between 0.5 and 2.0 × 106/ml. These should be optimized for each bull. Re-
turn dishes to the incubator and coincubate gametes at 38.5°C, in 6% CO2 in air
for 18 h.

Preparation for Culture

1. The presumptive zygotes should be placed into culture approximately 18 h after
insemination. Embryo culture is done at 38.5°C in 6% CO2 and 5% O2, balance
N2 (see chapter 3 for details on preparation of culture media and culture dishes).
Warm a flask containing 50 ml of handling medium to 38.5°C.

2. Place 2 ml handling medium into a 15-ml centrifuge tube. Remove the fertiliza-
tion plates from the incubator. Transfer embryos from the fertilization dishes to
the handling medium. Vortex embryos for 2 min.

3. Place the centrifuge tube into tube warmer and let it sit for 2 min to allow the
embryos to settle to the bottom of the tube.

4. Using a Pasteur pipette, collect the bottom 1–2 ml from the bottom of the tube
and place it into a 35-mm dish. Transfer denuded zygotes to a fresh dish contain-
ing 2–3 ml of handling medium using a pipette only slightly larger than the em-
bryos. Embryos are now ready to be placed into culture (see chapter 3).
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Protocol 2.10. Preparation of maturation media

Preparation of HEPES TCM-199/MEM

1. Measure out 1 l of sterile 18Wohm water.
2. Add 1 bottle of HEPES-TCM-199/MEM to the 1 l of water; rinse the bottle three

times.
3. Add 2.102 g NaHCO3.
4. Add 0.0275 g sodium pyruvate.
5. Add 0.06 g penicillin.
6. Add 4 g BSA.
7. Add 10 ml of this medium to a tube containing 0.8 g of NaOH. Using this 2 M

NaOH solution, adjust pH of the medium to 7.30 ± 0.05.
8. Filter through a 0.2-mm filter.

Maturation TCM-199/MEM stock solution

1. Measure out 1 l of sterile 18Wohm water.
2. Add 1 bottle of TCM-199/MEM to the 1 l of water; rinse the bottle three times.
3. Add 0.420 g NaHCO3.
4. Add 0.0275 g sodium pyruvate.
5. Add 0.06 g penicillin.
6. Filter through a 0.2-mm filter.

Preparation of maturation medium

9.0 ml Mat-TCM-199/MEM
1.0 ml/0.04 g FCS/BSA
10 ml Epidermal growth factor (10–100 ng/ml)
10 ml Hormones (FSH)

Filter through a 0.2-mm low protein binding filter.

Protocol 2.11. Vasectomized males for producing pseudopregnant recipients

Media

Stock solution: 0.5 ml butan-2-ol, 0.5 g 2,2,2-tribromoethanol. Store in dark at room
temperature.

Working solution: 10 ml saline, 120 ml stock solution. May need to warm to 37°C to
dissolve. Store in dark at room 4°C.

Dose: 0.02 ml/g body weight.

Vasectomy

1. Anesthetize the male and place him ventral side up on the microscope stage.
Avertin can be used for mice at a dose of 0.02 ml/g body weight.

2. Spray the area between the anus and penis with 70% alcohol.
3. Make an incision about 2–3 mm long ventrally along the scrotal sac below the

penis through the body wall and peritoneum.
4. Locate the bursa sac containing the testes and gently tear a hole at the bottom of

the sac near the epididymus.
5. Locate the epididymus and pull through the hole in the bursa.
6. Locate the vas deferens, which runs from the epididymus up the length of the

testes. The vas deferens can be distinguished because it runs along side a blood
vessel.

7. Using a pair of forceps the vas deferens can be blunt dissected away from the testes
and the blood vessel. Dissect away a length of vas deferens at least 1–2 cm long.
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8. Cut the vas deferens away from the epididymus and then cut the vas deferens
again at least 1 cm from the original cut. Remove the piece of vas deferens.

9. Repeat steps 4–8 for the other testes.
10. Using absorbable suture, stitch the body wall together, and then, using either

absorbable suture or silk, stitch the skin together.
11. Place the mouse on the warm stage until he begins to wake up.
12. Observe the mouse until fully recovered from the anesthetic and give analgesics.

Checking for sterility

1. Allow males 2–3 weeks to recover from the operation.
2. Superovulate two females for each male. After the hCG injection, place two fe-

males with each male.
3. The following morning check for vaginal plugs.
4. On day 2 flush the oviducts of the mated females using procedure in Protocol

2.3. The presence of unfertilized eggs in females which had definite vaginal plugs
indicates that the males are sterile and can be used to obtain pseudopregnancies.

Protocol 2.12. Embryo transfer

Preparation of pseudopregnant recipients

Ideally females should be 8–12 weeks of age.

1. Place two mature females with the vasectomized males the evening before the
desired day 1 of pregnancy. The number of plugs can be increased by assessing
the stage of the estrous cycle by the appearance of the vagina (20).

2. The following morning assess mating by the presence of a vaginal plug. This is
designated day 1 of pseudopregnancy.

Transfer media

Embryos should be transferred in a HEPES/MOPS modification of the culture medium,
as the time taken to load and transfer the embryos would result in a significant loss in CO2

from bicarbonate-buffered medium and a rise in pH. Immediately before transfer, place
the embryos into 800-ml drops (in an organ well or 4-well plate) of HEPES/MOPS media
that has been warmed to 37°C. Place the dish containing the embryos onto a warm stage.

Isolation of reproductive tract

1. Anesthetize females and lay them face down on the microscope stage. Avertin
can be used for mice at a dose of 0.02 ml/g body weight.

2. Spray the back of the mouse with 70% ethanol.
3. Using forceps, make a part in the hair of the mouse ventrally down the midline of

the back. This part should be around 3–4 cm long and adjacent to the top of the
hips of the mouse.

4. Make an incision along the part through the skin to expose the body cavity. The
middle of this incision should be adjacent to the hips of the mouse. This will ensure
that the reproductive tract is easy to find. Wipe the incision with 70% ethanol to
remove any loose hairs.

5. Using a pair of watchmaker’s forceps, blunt dissect the body cavity from the skin
on the left side of the mouse. Continue until the opening in the skin can be moved
over the area of the ovary and fat pad.

6. Move the opening in the skin over the ovary. The ovary can often be visualized as
a pink area through the peritoneum. If the ovary is visible through the peritoneum,
then move the opening to the left of the back muscles and make the incision adja-
cent to the hips on the mouse. Make an incision into the peritoneum.
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7. Using watchmake’s forceps, grab the fat pad and pull the ovary, oviduct, and
beginning of the uterus out of the body wall. Clip the fat pad to the back of the
mouse. Do not touch the ovary during this procedure, as this can cause the ovary
to bleed and makes the subsequent surgery very difficult (if an oviduct transfer)
and can affect the outcome of the transfer procedure.

8. Cover the reproductive tract with a sterile gauze soaked in sterile saline.
9. Load embryos into the transfer pipette. This is a key factor in the success of the

transfer procedure. The pipette should have a lumen just bigger than the embryos
to be transferred and be sturdy enough to insert into the reproductive tract without
bending. Additionally, the pipette should have a blunt end that is polished by plac-
ing the end of the pipette briefly into a yellow flame to smooth the edges. Break the
capillary force of the pipette by filling the pipette intermittently with air bubbles
and medium. Place a large air-bubble in the pipette and load the embryos in a small
volume immediately after the air bubble. Once all of the embryos are in the pipette
take up a further air bubble into the end of the pipette. The embryos are then loaded
in <1 ml between two air bubbles. Usually 5–6 embryos are transferred to each side
of the reproductive tract if the outcome of the experiment is to examine the fetuses
on days 14–18 and 3–4 embryos per side if the outcome is to generate offspring, as
this size litter is more easily fed and cared for by the foster mother (this depends on
the strain of mouse used as the recipient).

Oviduct transfer

For cleavage-stage embryo transfer, the embryos are transferred to the oviduct on day
1 pseudopregnant recipient. The embryos are transferred through the infindibulum of
the oviduct.

10. Once the reproductive tract has been isolated as above, locate the infindibulum
of the oviduct through the bursa covering the ovary and oviduct. Using watch-
maker’s forceps, gently tear the bursa over the infindibulum. Take care to avoid
tearing any blood vessels that run through the bursa, as this will result in the
bursa, filling with blood. If this happens, flush the area with sterile saline and
pat dry with sterile gauze.

11. Using watchmaker’s forceps, grab the neck of the infindibulum.
12. Insert the pipette into the infindibulum and blow in the embryos. The amount of

fluid to blow into the ampulla can be followed by watching the air bubbles in
the pipette. (When this procedure is first being practiced, it is useful to blow a
colored dye into the ampulla to ensure that the pipette has been correctly in-
serted into the infindibulum).

13. Check the pipette to ensure that all of the embryos have been expelled.
14. Grab the left edge of the incision in the peritoneum and hold open with forceps.

Using watchmaker’s forceps, hold on to the fat pad only and ease the tract back
into the body cavity.

15. To transfer to the right side, repeat steps 5–9. Turn the female around so that
she faces toward you and then repeat steps 10–14.

16. At the end of the procedure, close the incision in the skin using either wound
clips or suture.

13. Place the mouse on the warm stage until she begins to wake up.
17. Observe the mouse until fully recovered from the anesthetic and give analgesics.

Uterine embryo transfer

Later stage embryos can be transferred to the uterus of pseudopregnant recipients. Trans-
fers are usually performed on the afternoon of day 3 (day 3 pseudopregnant recipients)
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or the morning of day 4 (day 4 pseudopregnant recipients). The embryos are transferred
directly to the uterus of the recipient.

10. Using watchmaker’s forceps, grab the reproductive tract at the utero-tubal junc-
tion. Pick up a 27-G needle attached to a 1-ml syringe and also the pipette with
the embryos.

11. Pull the uterus taut.
12. Using the 27-G needle, make a hole in the uterus around one-third of the way

down from the oviduct. Ensure that the hole goes into the lumen of the uterus
and not into the muscle walls. Remove the needle and put aside while keeping
your eye on the hole.

13. Insert the pipette into the hole made with the needle. Ensure that the pipette is
inside the lumen by gently moving the pipette up and down inside the uterus. If
there is no resistance, then the pipette is in the lumen.

14. Expel the embryos into the uterus. The amount of fluid to blow into the ampulla
can be followed by watching the air bubbles in the pipette.

15. Check the pipette to ensure that all of the embryos have been expelled.
16. Grab the left edge of the incision in the peritoneum and hold open with forceps.

Using watchmaker’s forceps, hold on to the fat pad only and ease the tract back
into the body cavity.

17. To transfer to the right side, repeat steps 5–9. Turn the female around so that
she faces toward you and then repeat steps 10–16.

18. At the end of the procedure, close the incision in the skin using either wound
clips or suture.

19. Place the mouse on the warm stage until she begins to wake up.
20. Observe the mouse until fully recovered from the anesthetic and give analgesia.
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1. EMBRYO CULTURE MEDIA

There are several treatises on the composition of embryo culture media and the role of
specific medium components in supporting mammalian embryo development in vitro
(1–3). It is the aim of this chapter to describe in detail how such media should be used
in the laboratory and to identify the potential pitfalls that can lead to impaired embryo
development in culture. Embryos considered here include those from the mouse, human,
and domestic animal species.

This chapter will not address the use of co-culture in the production of mammalian
preimplantation embryos. There are two reasons for this: first and most important, it
has been demonstrated that the use of novel culture media, such as those described within
this work, are superior to co-culture systems (4, 5). Second, co-culture typically uses
serum as the protein supplement. A developing embryo should never come into contact
with serum, as it induces significant abnormalities in the physiology and gene expres-
sion of the embryo (6, 7). Finally, the concept of co-culture depends on being able to
maintain two totally different cells types in vitro. Due to the idiosyncratic and dynamic
physiology of the embryo, this is not feasible (8).

1.1 Media Formulations

Historically, embryo culture media fall into two categories: simple and complex (8).
Media classified as simple media, such M16, CZB, and HTF, are derivatives of those
designed in the 1960s for the development of the embryos of inbred mice strains (9).
The formulations of these media are shown in Table 3.1. Typically, simple media are
characterized by their lack of amino acids. A modification of such media is P1 (10),
whose composition is also shown in Table 3.1.

Media classified as complex are those used for embryo culture that were actually
designed with the requirements of somatic cells in mind (i.e., they are tissue culture
media). Examples of such media include Ham’s F10, TCM 199, and a-MEM. Such
media and their modifications, such as blastocyst medium (Ham’s F10 with added
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glutathione [11]), can be used to support the development of the embryo from the late
eight-cell stage onward but are not ideally suited for the development of the zygote
and cleavage stages.

Since 1990, new embryo culture media have been formulated that do not fit into
either category. These media developed from two different design strategies. The first
involved the use of computer-based simplex optimization to generate media with in-
creasing effectiveness (12). The medium eventually developed from this approach was
KSOM. This medium was subsequently improved by the addition of amino acids, (13),
ultimately leading to the formulation of KSOM (14). The second strategy was fun-
damentally different, basing media formulations on three factors: the levels of nu-
trients within the female reproductive tract, the changing requirements of the embryo,
and minimizing in vitro-induced stress as determined by studies on embryo physiol-
ogy and metabolism. To accommodate the changing levels of nutrients within the
female reproductive tract and the dynamics of embryo physiology, two media were
formulated. The first medium, G1 (6), was developed to support the zygote and cleav-
age stage embryo, and medium G2 (15) was developed with the requirements of the
postcompaction embryo in mind. The compositions of media G1.2 and KSOM are
listed in Table 3.2. Table 3.3 details the composition of the media G2.2 and blasto-
cyst medium.

It is essential to appreciate that the culture media are only one part of the overall culture
system. Specifically, factors in the laboratory have a significant impact on the perfor-
mance of culture media, aside from the actual formulations used. Key factors affecting
culture medium efficacy are macromolecules, carbon dioxide concentration, oxygen
concentration, medium renewal, temperature, pH, type of medium overlay, incubation
volume, embryo density per volume, culture vessel, air quality, technical diligence, and
quality control. Each of these factors is covered in detail below.

2. COMPONENTS OF AN EMBRYO CULTURE SYSTEM

2.1 Macromolecules

Embryo culture media are typically supplemented with a macromolecule, such as serum
or albumin, which can serve both physiological and practical functions. The physiologi-
cal functions, typically restricted to albumin, include the ability to bind growth factors

Table 3.1. Composition of Simple Embryo Culture Media

Component (mM) M16 CZB HTF P1

NaCl 94.59 81.26 101.6 101.6
KCl 4.78 4.69 4.69 4.69
KH2PO4 1.19 1.18 0.37 0.00
CaCl2·2H2O 1.71 1.70 2.04 2.04
MgSO4·7H2O 1.19 1.18 0.20 0.20
NaHCO3 25.0 25.0 25.0 25.0
Na pyruvate 0.33 0.27 0.33 0.33
Na lactate 23.28 31.30 21.4 21.4
Glucose 5.56 0.00 2.78 0.00
Glutamine 0.00 1.0 0.00 0.00
Taurine 0.00 0.00 0.00 0.05
Citrate 0.00 0.00 0.00 0.5
EDTA 0.00 0.11 0.00 0.00

Phenol red is usually added to media at concentrations of 0.005–0.1 g/l. Albumin
is usually added in the form of HSA or BSA. BSA preparations should be low lipid.
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and chelate heavy metals (8). The practical function is as a surfactant to facilitate embryo
manipulations by preventing them from sticking to glass or tissue culture ware.

Serum has been used for many years in embryo culture systems, both clinically and
in domestic animal embryology. However, from a physiological perspective, the mam-
malian embryo is never exposed to serum in vivo. The fluids of the female reproductive
tract are not simple serum transudates (16), but rather specialized environments for the
development of the embryo (17). Serum can best be considered a pathological fluid.
The use of serum should be avoided due to its detrimental effects on the embryos such
as perturbed energy metabolism, ultrastructural damage to the mitochondria (6, 18, 19),
and abnormal accumulation of lipids (4, 20, 21). Embryos cultured with serum also have
a reduced tolerance to cryopreservation (19). Additionally, in animal models the use of
serum in the culture media has been associated with increases in complications during
pregnancy and in neonates (18, 22).

Albumin is the most commonly used macromolecule in embryo culture media. Al-
though serum albumin is a relatively pure fraction, it is still contaminated with fatty
acids and other small molecules. The latter include an embryotrophic factor, citrate, which
stimulates cleavage and growth in rabbit morulae and blastocysts (23). Furthermore,
there are significant differences between each serum albumin, therefore, it is essential

Table 3.2. Composition of Media G1.2 and KSOM

Component (mM) G1.2 KSOM

NaCl 90.08 95.0
KCl 5.5 2.5
KH2PO4 0.00 0.35
NaH2PO4·2H2O 0.25 0.00
CaCl2·2H2O 1.8 1.7
MgSO4·7H2O 1.0 0.2
NaHCO3 25.0 25.0
Na pyruvate 0.32 0.20
Na lactate 10.5 10.0
Glucose 0.50 0.20
EDTA 0.01 0.01
Alanine 0.1 0.05
Arginine — 0.3
Asparagine 0.1 0.05
Aspartate 0.1 0.05
Cystine — 0.05
Glutamate 0.1 0.05
Glutamine 0.5 1.0
Glycine 0.1 0.05
Histidine — 0.1
Isoleucine — 0.2
Leucine — 0.2
Lysine — 0.2
Methionine — 0.05
Phenylalnine — 0.1
Proline 0.1 0.05
Serine 0.1 0.05
Taurine 0.1 0.00
Threonine — 0.2
Tryptophan — 0.025
Tyrosine — 0.1
Valine — 0.2

Phenol red is usually added to media at concentrations of 0.005–0.1 g/l.
Albumin is usually added in the form of HSA or BSA. BSA preparations
should be low lipid.
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Table 3.3. Composition of Media for Later (around the
Eight-cell Stage) Preimplantation Embryos

Component (mM)  G2.2  Blastocyst Mediuma

Alanine 0.1 0.1
Alanyl-glutamine 1.0 —
Arginine 0.6 1.0
Asparagine 0.1 0.1
Aspartate 0.1 0.1
Biotin — 0.0001
Calcium chloride 1.8 0.3
Calcium lactate — 1.0
Choline chloride 0.0072 0.005
Copper sulfate — 0.00001
Cysteine — 0.2
Cystine 0.1 —
Folic acid 0.0023 0.003
Glucose 3.15 6.1
Glutamate 0.1 0.1
Glutamine — 1.0
Glutathione — 1.0
Glycine 0.1 0.1
Histidine 0.2 0.1
i-Inositol 0.01 0.003
Iron sulfate — 0.003
Isoleucine 0.4 0.02
Leucine 0.4 0.1
Lysine 0.4 0.1
Magnesium sulfate 1.0 1.1
Methionine 0.1 0.03
Nicotinamide 0.0082 0.005
Pantothenate 0.0042 0.003
Phenylalanine 0.2 0.03
Potassium bicarbonate — 5.0
Potassium chloride 5.5 3.8
Potassium phosphate — 0.6
Proline 0.1 0.1
Pyridoxine 0.0049 0.001
Riboflavin 0.00027 0.001
Serine 0.1 0.1
Sodium bicarbonate 25.0 20.0
Sodium chloride 90.08 116.6
Sodium lactate 5.87 —
Sodium phosphate 0.25 1.1
Sodium pyruvate 0.10 1.0
Thiamine 0.003 0.003
Thioctic acid — 0.001
Threonine 0.4 0.03
Thymidine — 0.003
Tryptophan 0.5 0.003
Tyrosine 0.2 0.01
Valine 0.4 0.03
Vitamin B-12 — 0.001
Zinc sulfate —  0.0001

aBlastocyst medium is a modification of Ham’s F10 containing glutathione.
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that each batch is screened for its ability to adequately support embryo development.
This can be achieved using a mouse embryo bioassay and embryo transfers (3). Albu-
min has been shown to better maintain embryo physiology and metabolism in vitro
compared to embryos cultured in the presence of a synthetic macromolecule such as
polyvinyl alcohol (PVA) (24, 25).

Recombinant human serum albumin has become available. Not only can recombi-
nant albumin readily replace blood-derived albumin in an embryo culture system (26,
27), but both mouse and cow embryos cultured in the presence of recombinant albumin
exhibit an increased tolerance to cryopreservation (28). The development of recombi-
nant human serum albumin has therefore helped eliminate the problems inherent with
using blood-derived products and should eliminate variability.

Albumin is the most abundant protein in the female reproductive tract (16); how-
ever, there are other macromolecules, such as mucins, that are present at higher levels
than albumin (29). The role of mucins during the preimplantation period has yet to be
elucidated, but their role during implantation has been better characterized (30). The
female reproductive tract contains significant levels of glycosaminoglycans (31), the
levels of which can vary during the menstrual/estrous cycle (32). One glycosaminogly-
can of interest is hyaluronan. Hyaluronan is a high molecular-mass polysaccharide and
can be obtained endotoxin- and prion-free from a yeast fermentation procedure. In the
mouse hyaluronan levels in the uterus increase at the time of implantation (33). It has
been shown in the pig (34) and cow (35) that hyaluronan can act in synergy with albu-
min in an embryo culture system. Gardner et al. (36) showed this to be true also for
the mouse and showed that hyaluronan could completely replace albumin. Gardner
et al. (36) also showed that the presence of hyaluronan in the medium for embryo trans-
fer results in a significant increase in embryo implantation rates. Furthermore, simi-
lar to results with recombinant albumin, the presence of hyaluronan in the culture
medium increases the cryosurvivability of blastocysts (36, 37). Recombinant albu-
min and hyaluronan confer a synergistic benefit to the embryo (28, 36, 38).

Alternatives to physiological macromolecules are synthetic macromolecules such as
PVA (39) and PVP. Such an approach has worked for the in vitro development of em-
bryos from several mammalian species (14, 39, 40). However, PVA is not able to main-
tain the physiology and metabolism of the embryo, and bovine embryos cultured in the
presence of PVA do not survive cryopreservation as well as those cultured in the pres-
ence of albumin (24). Furthermore, the use of PVA has been associated with the devel-
opment of birth defects in mouse fetuses (36).

2.2 pH

When considering medium pH, it is important to understand that the actual pH of the
surrounding medium (pHo; typically 7.4) is different from that inside the embryo (pHi;
7.2) (41–43). Rather than the pH of the medium itself controlling pHi, it is also the spe-
cific components of the culture media, such as lactic and amino acids, that affect and
buffer pHi. While high concentrations of lactate in the culture medium can drive pHi

down (41), amino acids increase the intracellular buffering capacity and help maintain
the pHi at around 7.2 (44). As the embryo has to maintain pHi against a gradient when
incubated at pH 7.4, it would seem prudent to culture embryos at lower pHo. Typically
a pHo of 7.2–7.3 works well.

The pH of a CO2/bicarbonate-buffered medium is not easy to quantitate. A pH elec-
trode can be used, but one must be quick, and the same technician must take all read-
ings to ensure consistency. An alternative approach is to take samples of medium in an
airtight syringe and measure the pH with a blood-gas analyzer. A final method necessi-
tates the presence of phenol red in the culture medium and the use of Sorensons’s phos-
phate buffer standards (3). This method allows visual inspection of a medium’s pH with
a tube in the incubator and is accurate to 0.2 pH units (Table 3.4).



46 A LABORATORY GUIDE TO THE MAMMALIAN EMBRYO

2.3 Carbon Dioxide

The concentration of CO2 has a direct impact on the pH of a bicarbonate-buffered me-
dium. Although most culture media work over a wide range of pH (7.2–7.4), it is pref-
erable to ensure that pH does not go above 7.4. It is therefore advisable to use a CO2

concentration of 6–7%. The amount of CO2 in the incubation chamber can be cali-
brated with a Fyrite, although this calibration is only accurate to ±1%. An alternative
method is to use an infrared metering system that can be calibrated and is accurate to
around 0.2%.

Medium buffered with CO2/bicarbonate require at least 4 h in a CO2 environment to
equilibrate prior to use. Equilibrate the volume of medium to be used and do not keep
bottles of medium gassed in the incubator, especially media containing amino acids (see
below). When using a CO2/bicarbonate-buffered medium, it is essential to minimize the
amount of time the culture dish is out of the CO2 incubator to prevent increases in pH.
To help reduce pH fluctuations, modified pediatric isolettes designed to maintain tem-
perature, humidity, and CO2 concentration can be used.

A more practical alternative is to use a different buffering system to CO2/bicarbon-
ate. Alternative buffers include HEPES or MOPS (45), which are typically used at
20–23 mM together with 5–2 mM bicarbonate. Such buffering systems do not require
a CO2 environment. The use of PBS for any oocyte or embryo manipulations is not rec-
ommended. Both the presence of high levels of phosphate and the absence of amino
acids can have a significant detrimental impact on the embryo (46).

2.4 Oxygen

The levels of oxygen to which embryos are exposed in vivo are significantly below lev-
els present in air (20%). The concentration of oxygen in the lumen of the rabbit oviduct
is 2–6% (47, 48), whereas the oxygen concentration in the oviduct of hamster, rabbit,
and rhesus monkey is 8% (49). The oxygen concentration in the uterus is lower than
that in the oviduct, ranging from 5% in the hamster and rabbit to 1.5% in the rhesus
monkey (49).

Several studies on different species have clearly demonstrated that culture at a re-
duced oxygen concentration (5–7%) results in enhanced embryo development in vitro
(mouse [50, 51]; sheep and cow [52]; goat [53]; human [54]). More significantly, expo-
sure to 5–7% oxygen in vitro leads to higher rates of fetal development (54, 55). How-
ever, the embryos of humans and certain F1 mice can develop well in culture in the
presence of atmospheric oxygen (20%). This has therefore produced some confusion
regarding the optimal concentration for these species. Human embryos cultured in a low
oxygen environment (5%) produce blastocysts with significantly more cells than those
embryos cultured in a high oxygen environment (20%) (54). Embryos derived from

Table 3.4. Preparation of Color Standards for pH of Media

pH at 18°C Solution A (ml) Solution B (ml)

6.6 62.7 37.3
6.8 50.8 49.2
7.0 39.2 60.8
7.2 28.5 71.5
7.4 19.6 80.4
7.6 13.2 86.8

Stock A: 9.08g KH2PO4 (0.067M), 10 mg phenol red in 1 l water. Stock B:
9.46g Na2HPO4 (0.067M), 10 mg phenol red in 1 l water. Measure the pH with
meter and adjust pH as required (i.e., add solution A to lower the pH; add
solution B to increase the pH). The pH standards should be filter sterilized
and can then be kept for up to 6 months.
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outbred mice, such as CF1, develop significantly better in culture in a reduced oxygen
environment (51). Considering the physiology of the reproductive tract and the benefi-
cial effects of using a reduced oxygen concentration as determined in controlled stud-
ies, it is advisable to culture embryos of all species at low oxygen concentrations (5–7%).

2.5 Medium Renewal

When simple media were used to culture embryos, there was no need to renew the cul-
ture medium because such media lacked labile components. However, with the routine
inclusion of amino acids in embryo culture media, there is a need to renew the culture
medium every 48 h. This is due to the spontaneous deamination of amino acids at 37°C
and to their metabolism by the embryos, both of which result in the release of ammo-
nium into the culture medium. Spontaneous deamination is responsible for the majority
of ammonium released. The significance of medium renewal cannot be overstated:
chronic exposure of embryos to ammonium not only impairs development in culture
(56, 57), but in the case of the mouse retards fetal growth and can lead to abnormal fetal
development (58). Ammonium has also been implicated in the induction of oversized
fetuses in sheep (59, 60).

The buildup of ammonium in the culture system is independent of the incubation
volume used. Rather, the appearance of ammonium is linked to the concentration of
amino acids in the medium, especially that of glutamine. So whether one uses a 20-ml
drop of medium in a dish or 800 ml of medium in a well, the concentration of ammo-
nium after a certain time will be the same in both, as deamination of amino acids in the
incubator is not volume related. Furthermore, whether an oil overlay is used has no ef-
fect on the final ammonium concentration. Ideally, therefore, medium should be renewed
every 48 h.

2.6 Temperature

Although oocytes and embryos can develop after incubation at room temperature, this
should be avoided. Initially there were concerns about the stability of the cytoskeleton
at room temperature (61), which in turn would affect embryo development. However,
it is evident that procedures such as ICSI can be performed at room temperature with-
out compromising human embryo development. However, exposure of embryos to tem-
peratures below 37°C will reduce the speed of development. Therefore, maintaining the
temperature of oocytes and embryos at the incubation temperature during all stages of
manipulation should be considered important and can be facilitated by the use of warming
stages. When using warming stages, along with test tube warmers, it is important to
calibrate the temperature to that of the medium inside the culture dish. For example, to
maintain the temperature of a 100-ml drop of medium in a tissue culture dish at 37°C,
the temperature of the heating stage may read 38.5°C rather than 37°C due to the ther-
mal absorption of the dish. Therefore, one should calibrate each warming stage, heat-
ing block, and so on, according to its use.

2.7 Embryo Density per Volume

The culture of mammalian embryos in reduced volumes of medium and/or in groups
significantly increases blastocyst development (62–65) and increases blastocyst cell
number (64). Culturing embryos in reduced volumes increases subsequent viability after
transfer (64). It has been proposed that the benefit of growing embryos in small vol-
umes and/or in groups is due to the production of specific embryo-derived autocrine/
paracrine factor(s) that stimulate development (63, 64). The culture of embryos in large
volumes will result in a dilution of such factors so that they become ineffectual (6). This
phenomenon is not confined to the mouse, in which several embryos reside in the fe-
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male tract at one time, but has also been reported for the sheep and cow, which like the
human are monovular (57, 66). It has been shown in both the mouse and cow that in-
creasing the embryo:incubation volume ratio specifically stimulates the development
of the inner cell mass. This explains the increased viability of embryos cultured in re-
duced volumes in groups.

2.8 Medium Overlay

To prevent changes in osmolality, it is desirable to overlay the medium used with an
inert layer, typically paraffin, mineral oil, or silicon oil. The use of such an overlay is a
prerequisite to using microdrop volumes. Which ever oil is chosen, it should be pre-
screened before use (see quality control), as there is batch-to-batch variation of raw
materials, and certain lots can be toxic to the embryo (67). An oil overlay also reduces
the speed of CO2 loss and the associated increase in pH.

2.9 Culture Vessel

It is imperative that the culture vessel undergoes rigorous quality control (see below),
as not all tissue culture materials are consistent with embryo viability. Choose a brand
such as Falcon that offers high-quality dishes and tubes that can sustain both sperm
motility and embryo development.

2.10 Air Quality

The significance of air quality in an embryology laboratory has been the focus of atten-
tion (68). Should air quality be questionable, there are several alternatives available to
deal with this situation. Stand-alone air purification systems that include carbon filters
may be useful.

2.11 Technical Diligence

Adequate training of embryologists is fundamental to success. As the success of a given
procedure can be due to the skill of the individual, it would be fair to classify assisted
reproductive technology as art. However, with appropriate training one can minimize
variability between embryologists. Key aspects of embryo manipulation that directly
impact embryo culture outcome are speed and the ability to move embryos in the small-
est volumes possible. This greatly enhances washing procedures and results in good
embryo development. Embryologists also need to understand the fundamentals of em-
bryo development so that they know how their actions can affect embryo development
and pregnancy outcome.

2.12 Quality Control

Quality control (QC) systems are present in clinical embryology laboratories due to the
requirements of various regulatory bodies. In contrast, rigorous QC systems are often
forsaken in research laboratories, primarily due to limited resources.

Establishing an appropriate QC system for the IVF laboratory is a prerequisite for
establishing a successful laboratory. The types of bioassays conducted for QC have been
the focus of much discussion (3). It is important to understand the limitations of the
assays performed and to use data obtained from bioassays in an appropriate fashion.
Quality control should not be limited to the culture media used, but should include all
contact supplies and gases used in an IVF procedure.

A practical and quantifiable bioassay is the culture of pronucleate mouse embryos in
protein-free media, as protein has the ability to mask the effects of any potential toxins
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present (69, 70), along with scoring the embryos at key times and determining blasto-
cyst cell number. The most common system used by our laboratory for QC is outlined
in Protocol 3.1. The stage at which the embryos are cultured has an impact on develop-
ment. Embryos collected at the pronucleate stage do not tend to fair as well in culture as
those collected at the two-cell stage. Reports that mouse embryos can develop in cul-
ture in medium prepared using tap water (71, 72) should be interpreted carefully after
taking into account the types of media used and the supplementation of medium with
protein. Silverman et al. (72) used Ham’s F-10. This medium contains amino acids, which
can chelate any possible toxins present in the tap water, such as heavy metals. George
et al. (71) included high levels of BSA in their zygote cultures to the blastocyst stage.
Furthermore, all studies used blastocyst development as the sole criterion for assessing
embryo development. Blastocyst development is a poor indicator of embryo quality and
does not accurately reflect developmental potential (73). Therefore, rates of develop-
ment should be determined by scoring the embryos at specific times during culture (2).
Key times to examine the embryos include the morning of day 3 to determine the extent
of compaction, the morning and afternoon of day 4 to determine the degree of blasto-
cyst formation, and the morning of day 5 to assess the initiation of hatching. Figure 3.1
can be used to help define specific stages of embryo development. Finally, for the em-
bryos that form blastocysts in a given time, typically on the morning of day 5, cell
numbers should be determined by staining and counting (Protocol 3.3). When new com-
ponents of culture media can affect the development of the inner cell mass directly, such
as essential amino acids, a differential nuclear stain should be performed to determine
the extent of ICM development (Protocol 3.4). Using such an approach, it is possible to
identify potential problems in culture media before the media are used.

The minimum QC requirements for incubators include the use of an infrared moni-
tor to calibrate CO2, certified thermometers and a pronucleate MEA.

3. CULTURE OF EMBRYOS

This section outlines the basics for mammalian embryo culture. The basic culture pro-
tocol for embryo culture is outlined in Protocol 3.2. There are evident differences be-
tween species, such as temperature, which should be 37°C for embryos of the mouse
and human but 38.5°C for the embryos of domestic animals. The duration of culture
will also depend on the species. Incubation volumes also differ due to the different
metabolic activities of the embryos from different species. Typically 10 mouse embryos
can be cultured in a 20-ml drop; up to 4 human or domestic animal embryos can be cul-
tured in a 50-ml drop. (However, different media will not be the same due to different
levels of nutrients present in the medium). As discussed, the medium should be renewed
every 48 h regardless of the species and incubation volume.

Embryo cultures should ideally be performed in an atmosphere of 5% O2 and 6%
CO2. This gas environment can be created using either a tri-gas incubator or a modular
incubator chamber/desiccator and a cylinder of special gas mix. It is advisable to mini-
mize the number of times the incubators is accessed during a given culture. The more
incubator chambers available, the better. However, when dealing with large numbers
of embryos, a tri-gas incubator is more practical and is a sensible investment. It is ad-
visable to minimize the number of times the incubators or chambers are accessed dur-
ing a given culture. The detrimental effects that frequent opening of the incubator can
have on embryo development have been clearly demonstrated (51).

All embryo manipulations should be performed using a pulled Pasteur pipette or a
displacement pipette such as those originally used to load gels. The latter can now be
obtained commercially for use with embryos and come in different tip-diameters.
Should a pulled Pasteur pipette be used, then control of fluid can be achieved using a
syringe attached through tubing or via a mouth pipette and tubing (though this cannot
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a)

b)
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be advocated for clinical use). It is important to use a pipette with the appropriate size
tip (i.e., just larger than the diameter of the embryo) and to break the capillary action
of the pipette by trapping air bubbles in the fluid column (Figure 3.2). Using the ap-
propriate-size tip minimizes the volumes of culture medium moved with each em-
bryo, which typically should be less than 1 ml. Such volume manipulation is a
prerequisite for successful embryo washing and subsequent culture. Ideally, glass
Pasteur pipettes should be washed before use with tissue-culture grade water and then
heat sterilized. All oocyte and embryo manipulations should be in media containing
amino acids (51, 74).

4. ASSESSMENT OF EMBRYO DEVELOPMENT

Assessment of embryo development is discussed in full in chapter 4. It is important to
use a sequential approach for scoring embryo development and not simply rely on end-
point determinations such as blastocyst development. Blastocyst development alone is
a relatively poor indicator of developmental competence (73). Therefore, when the end-
point of an experiment is not an embryo transfer, to further establish the health of an
embryo, in vitro markers of developmental competence such as ICM differentiation (see
Protocol 3.4) and metabolism (see chapters 7 and 9) should be determined.

5. PREPARATION OF CULTURE MEDIA

The in-house preparation of culture media is a time-consuming procedure, and steps are
required to ensure that all components are of the highest quality. Therefore, every item in
the culture system should undergo a prescreen with a sensitive mouse embryo assay to

Figure 3.1 (Facing page). Grading of embryo development. As embryo development is a con-
tinuum, it is arbitrary where the lines are drawn to distinguish specific stages of development. In
this figure, the development of the eight-cell stage to the fully hatched blastocyst is represented
schematically. The key is that all embryologists in the same laboratory or clinic give embryos of
the same development stage the same score for consistency. (a) Schematic of embryo develop-
ment. (b) Photomicrograph of embryos on day 3 of culture: I, six-cell embryo; II, eight-cell
embryo; III, eight-cell embryo starting to compact; IV, compacted eight-cell embryo.

Figure 3.2. Schematic of a pulled glass pipette used to control embryos. The capillary action of
the pipette is broken by trapping air bubbles in the column of medium in the pulled region of the
pipette. This is achieved by moving the pipette in and out of the medium rapidly while applying
light suction to the pipette. Embryos can then be aspirated into the pipette with the minimum of
culture medium.
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ensure that embryo development and physiology are not compromised due to the inclu-
sion of a suboptimal component. Although media are available commercially, for experi-
ments on the composition of embryo culture media etc., preparation of media in-house is
essential. This section details how to make culture media and handling media from stock
solutions. These instructions can be used for the preparation of any culture media.

5.1 Preparation of Stock Solutions

As most culture media used in research are used in small volumes, it is not necessary
to make large volumes of media. Only small volumes of 10–50 ml are typically re-
quired. Therefore, it is easiest to prepare media from concentrated stock solutions.
Media components are divided into like components with similar in-solution shelf-
lives. For example, a stock A would usually contain salts and carbohydrates that are
stable in solution for several months. However, for all media it is necessary to add the
calcium chloride as a separate stock solution because this chemical can precipitate
with other salts.

Individual stock solutions are prepared and can be filtered through a 0.2-mm filter and
stored at 4°C. An example of stock groupings and shelf-lives are shown in Protocol 3.5.

5.2 Preparation of Media from Stock Solutions

Media are formulated using the concentrated stock solutions described above. For each
case the water is added to the vial/tube and the solutions added one at a time. Before
using media, characteristics such as osmolality and pH at 6% CO2 should be checked.
A protocol for making a generic culture medium (GCM) from stock solutions is out-
lined in Protocol 3.5.

6. CONCLUSION

The formulations of culture media are a key aspect of embryo culture. However, as
described in detail, the way in which a medium is used has a significant impact on its
performance. Therefore, it is important to consider the culture system as a whole and
monitor all aspects to ensure consistent and successful embryo development.

Protocol 3.1. Outline of mouse bioassay for screening media components

Media are prepared containing the component to be tested. The medium should be
protein-free.

Embryos are collected from an F1 hybrid strain of mice (CBA × C57) at around 22 h
post-hCG (see Chapter 2).

Zygotes are placed into culture in a control medium and the test medium and cul-
tured to the blastocyst stage. Embryo development is assessed at specific time points to
determine on-time development. On the morning of day 5 blastocyst cell number is
determined.

The test item is determined to be embryo safe if all of the parameters measured (de-
velopment on days 2, 3, 4, and 5 and blastocyst cell numbers) are not significantly worse
than those grown in the control media.

Day 0: Place dishes into the incubator (6% CO2 in air) after 4 PM.
Day 1 (10 AM): Collect zygotes and place into culture in the control and test treat-

ments.
Day 2 (4 PM): Determine development to the four-cell stage.
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Day 3 (9 AM): Determine number of embryos at the eight-cell stage and number be-
ginning compaction.

Day 4 (4 PM): Determine development to the blastocyst stage.
Day 5 (9 AM): Determine development to the expanded/hatching blastocyst stage.

Determine blastocyst cell numbers (see Protocol 3.3).

Protocol 3.2. Basic culture protocol for culture of mammalian embryos

Preparation of culture system

Embryo cultures should ideally be performed in 6% CO2 and 5% O2. This gas environ-
ment can be created using either a tri-gas incubator or a modular incubator chamber/
dessicator with a certified gas mix (6% CO2, 5% O2 and 89% N2).

All contact supplies used for embryo culture should be of tissue-culture grade and should
be prescreened with the mouse bioassay before introduction into the culture system.

Day before culture

1. After 4 PM on the day before embryo culture, G1 culture dishes should be pre-
pared. Rinse the pipette tip by taking up the required volume and then expel-
ling into a discard dish. Using this prerinsed sterile tip, place drops of culture
media into the petri dish (for mouse 10 ml, cow 15 ml, and human 25 ml). Al-
ways set up several wash drops in each dish. Optimally there should be one wash
drop for every culture drop (see Figure p3.1). Immediately cover drops with
paraffin oil to avoid evaporation. Prepare no more than 2–3 dishes at one time.
Using a new tip for each drop, first rinse the tip and then round each drop up to
the final volume (final culture volumes are 20 ml for mouse, 30 ml for cow, and
50 ml for human).

2. Immediately place the dish in the incubator at 6% CO2. Gently remove the lid of
the dish and set it at an angle on the side of the plate. Dishes must equilibrate in
the incubator with a semi-opened lid for a minimum of 4 h (this is the minimal
measured time for the media to reach correct pH under oil) and for a maximum
of 18 h to prevent excessive ammonium production.

Day 1

1. Wash zygotes in handling media (see chapter 2) and then in the wash drops of
medium G1. Washing entails picking up the embryos 2–3 times in a minimal
volume and moving them around within the drop. Embryos should then be washed

Figure p3.1. Schematic of arrangement of media drops in a culture dish.
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in the wash drops in the culture dish and then transferred to the culture drops.
Optimal development is achieved when embryos are cultured in groups (57, 64).
For mice 10 embryos are cultured per 20-ml drop, for cows 4 embryos per 30-ml
drop, and for humans 4 embryos in each 50-ml drop. Increasing the number
of embryos can result in a significant depletion of the nutrient pool by the em-
bryos and may result in the nutrients being depleted before the end of the culture
period.

2. Dishes should be returned to the incubator and cultured for 48 h (mouse and
human) or 72 h (cow) to around the eight-cell stage.

Day 2 (mouse and human), day 3 (cow)

1. After 4 PM on the day before embryo changeover into G2, culture dishes should
be prepared. Rinse the pipette tip by taking up the required volume and then ex-
pelling into a discard dish. Using this prerinsed sterile tip, place drops of culture
media into the petri dish (for mouse 10 ml, cow 15 ml, and human 25 ml). Always
set up several wash drops in each dish. Immediately cover drops with paraffin oil
to avoid evaporation. Prepare no more than 2–3 dishes at one time. Using a new
tip for each drop, first rinse the tip and then round each drop up to the final vol-
ume (final culture volumes are 20 ml for mouse, 30 ml for cow, and 50 ml for
human).

2. Immediately place the dish in the incubator at 6% CO2. Gently remove the lid of
the dish and set at an angle on the side of the plate. Dishes must equilibrate in the
incubator with a semi-opened lid for a minimum of 4 h (this is the minimal mea-
sured time for the media to reach correct pH under oil) and for a maximum of
18 h to prevent excessive ammonium production.

Day 3 (mouse and human), day 4 (cows)

1. Change embryos over from medium G1 into G2. It is essential that embryos be
washed well from G1 into G2, as components in the G1 such as EDTA have det-
rimental effects on the development of the blastocyst. Therefore, it is essential to
wash embryos in a handling medium (containing amino acids; see chapter 2)
before culture in medium G2.

2. Remove embryos from the G1 culture dishes and wash twice in a handling me-
dium containing amino acids (see Chapter 2) that has been warmed to 37°C. Wash-
ing entails picking up the embryos 2–3 times in a minimal volume and moving
them around within the dish. For mice 10 embryos are cultured per 20-ml drop,
for cows 4 embryos per 30-ml drop, and for human 4 embryos per 50-ml drop.
Increasing the number of embryos can result in a significant depletion of the
nutrient pool by the embryos and may result in the nutrients being depleted be-
fore the end of the culture period.

3. Dishes should be returned to the incubator and cultured for a further 48 h (mouse
and human) or 72 h (cow) to the blastocyst stage.

Protocol 3.3. Determination of embryo cell number

Solutions

Prepare 500 ml of MOPS/HEPES buffered medium with no protein.

Triton solution

1. Add 20 ml Triton X-100 to 100 ml sterile MOPS/HEPES buffered medium (0.02%).
2. Shake until Triton is fully dissolved (vortex if necessary).
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3. Store at 4°C.
4. Discard 8 weeks after preparation.

Propidium iodide solution

1. Weigh out 4 mg of propidium iodide.
2. Add to 200 ml sterile MOPS/HEPES buffered medium.
3. Shake until completely dissolved.
4. Store in the dark at 4°C.
5. Discard 8 weeks after preparation.

Preparation of staining dishes

1. Label and date each petri dish.
2. Number the bottom of each dish according to the number of treatments (i.e.,

a dish labeled 1, 2, 3 corresponds to a culture with one control and two test
droplets).

3. Dispense 10 ml drops of propidium iodide into dish. Cover droplets with 3.5 ml
paraffin oil. Dispense an additional 10 ml of propidium iodide into each droplet
(thus allowing the staining drops to “round up”).

4. Cover dishes with aluminum foil (propidium iodide is light sensitive).

Preparation of washing dishes

1. Label the bottom of each wash dish (organ well or 4-well plate) “W” and label
the dish with the treatment number(s).

2. Dispense 800 ml of MOPS/HEPES buffered medium into the well of the organ
culture dish or into each well of the four-well multidish.

Preparation of Triton dishes

1. Label the bottom of each Triton dish (organ well or 4-well plate) “T” and label
the dish with the treatment number(s).

2. Dispense 800 ml Triton medium into the well of the organ culture dish or into
each well of the four-well multidish.

Staining procedure

The staining procedure can be performed at room temperature or at 37°C.

1. Place expanded blastocysts and hatching blastocysts into the Triton solution
for 45 s.

2. Move the embryos to the wash dish containing MOPS/HEPES buffered medium;
transfer as little media as possible.

3. Transfer the embryos to the propidium iodide drops.
4. Embryos are stained sufficiently after around 10 min. If embryos are not to be

counted immediately, then the propidium iodide dish may be wrapped with foil
and stored at 4°C for several days.

Mounting

1. Label a glass slide with a treatment number using a diamond pen.
2. Apply three small drops of glycerol to the slide.
3. Transfer one or two embryos from the propidium iodide to each drop of

glycerol.
4. Gently apply three cover slips to the slide.
5. Store in the dark at 4°C until reading.
6. Read slides immediately.
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Counting

The cell number of each embryo is determined by counting the cell nuclei using a fluo-
rescence microscope with an ultraviolet light under a green filter. If the embryos appear
to be three-dimensional, apply a small amount of pressure to the cover slip with the tip
of a pen. This should cause the embryo to flatten into a two-dimensional image, thus
enabling an accurate cell count.

Protocol 3.4. Differential nuclear staining

Solutions

Incidental solutions

Absolute ethanol: ~5 ml for final wash step.
Wash medium: MOPS/HEPES buffered medium with no protein should be used.
Glycerol: used for mounting embryos.

Anti-DNP (dinitrophenol) solution

1. Divide anti-DNP into 10 ml aliquots.
2. Store at –20°C.
3. Discard 8 weeks after preparation.

Bisbenzimide solution

1. Weigh out 5 mg of bisbenzimide stain.
2. Add to 200 ml absolute ethanol to yield a 25 mg/ml solution.
3. Wrap in foil.
4. Store at 4°C.
5. Discard 16 weeks after preparation.

Guinea pig serum

1. Add 2 ml of MOPS/HEPES buffered medium to dry serum.
2. Store at 4°C.
3. It is critical to discard 1 month after preparation.

Pronase solution

1. Add 0.25 g of Pronase to 50 ml of sterile MOPS/HEPES buffered medium to yield
a 0.5% solution.

2. Freeze in 200 ml aliquots
3. Store at –20°C.
4. Discard 8 weeks after preparation.

Propidium iodide solution

1. Weigh out 4 mg of propidium iodide.
2. Add to 200 ml sterile MOPS/HEPES buffered medium with no protein.
3. Shake until completely dissolved.
4. Store in the dark at 4°C.
5. Discard 8 weeks after preparation.

PVP medium

1. Add 4 mg/ml PVP to 10 ml culture medium.
2. Store at 4°C.
3. Discard 8 weeks after preparation.
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Day of staining

On day of staining, prepare TNBS (2,4,6-trinitrobenzenesulfonic acid) solution by add-
ing 10 ml TNBS to 90 ml of PVP medium. Cover with foil and store at 4°C.

Prepare anti-DNP solution by adding 90 ml MOPS/HEPES-buffered medium to a
10-ml aliquot of anti-DNP. Prepare complement by adding 50 ml of propidium iodide
stain to 50 ml of guinea pig serum; cover with foil.

Preparation of staining dishes

1. Label and date each Petri dish.
2. Number the bottom of each dish according to the number of treatments (i.e.,

a dish labeled 1, 2, 3 corresponds to a culture with one control and two test
droplets).

3. All dishes should be prepared with 20 ml drops under 3.5 ml paraffin oil. The
following dishes should be prepared:

1 dish with Pronase
1 dish with TNBS solution
1 dish with anti-DNP solution
1 dish with complement
3 dishes of wash medium with a minimum of 2 wash drops per treatment

4. Cover the TNBS dish with foil and store at 4°C.
5. Cover the complement dish with foil.
6. Place all dishes (except the TNBS dish) on a warm stage at 37°C for at least 1 h.

Staining procedure

All staining procedures should be performed at 37°C, except where specified. A timer
should be used. Dishes should be prewarmed for 1 h at 37°C.

Day 1

1. Place blastocyst and hatching blastocyst embryos into the Pronase solution to
dissolve the zona at 37°C. Note: This is the key step to ensure the staining proce-
dure works, any remaining zona will render the remaining steps useless. Watch
the zona dissolve under the microscope and immediately remove the embryos
and place them into wash drops. This should take between 2 and 5 min for mice
and up to 10 min for cows. Wash the embryos through an additional wash drop
before proceeding to step 2.

2. Incubate the embryos in the TNBS dish, covered with foil at 4°C for 10 min, then
move them into fresh wash drops. Wash through additional wash drops until there
is no visible yellow color of the TNBS solution in the wash drop. Move as little
fluid as possible to the wash; use a pipette that is just slightly bigger than the di-
ameter of the embryos. Be careful as the embryos are now sticky. If too much
media has been transferred (which is apparent when there is visible yellow color
of the TNBS in the wash drop), extra wash steps must be added.

3. Incubate the embryos in anti-DNP BSA for 10 min at 37°C, then move them to fresh
wash drops. Wash through an additional wash drop before proceeding to step 4.

4. Place the embryos in the complement dish for 5–10 min at 37°C. For best results,
the evenness of propidium iodide stain may be checked under a green filter after
5 min. Note: Embryos are now very fragile.

5. While the embryos are in the complement, set up a four-well Nunclon dish with
800 ml of bisbenzimide and cover with foil. Pipette embryos into bisbenzimide,
cover dish with foil, and store at 4°C overnight.
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Day 2

6. Transfer embryos into 100% alcohol to wash away excess bisbenzimide.

Siliconized slide preparation

Siliconized slides should be prepared in a fume hood.

1. Put on nitrile gloves before handling any of the equipment.
2. Fill one glass bath with siliconizing solution (Repelcote, BDH, Poole, Dorset, UK).
3. Fill slide holders with slides.
4. Dip slides that are in the holder into the bath; make sure that they are completely

covered by the Repelcote. If not, quickly top off the bath until they are covered.
5. Leave slides in the bath for 60 s.
6. Remove the slide holder and drain the slides still in the slide holder on a flat

surface for 3 min.
7. Place the slides into a container.
8. When all of the boxes have been siliconized, rinse the slides well 5 times with

RO water.
9. Lay out the slides on absorbent towel and dry overnight.

10. Replace the slides in the boxes and label the boxes as siliconized; initial and date.

Mounting

Embryos should be mounted immediately after the staining procedure. If necessary, the
100% alcohol dish may be wrapped in foil and stored at 4°C for around 1 week.

1. Siliconized slides should be used.
2. Label a glass slide with a treatment number using a diamond pen.
3. Apply three small drops of glycerol to the slide.
4. Transfer one or two embryos from the alcohol dish to each drop of glycerol. Trans-

fer as little alcohol as possible, otherwise embryos will adhere to the slide as a
three-dimensional object, and counting will be difficult.

5. Gently apply three cover slips to the slide.
6. Store in the dark at 4°C until reading.
7. Slides should be read immediately.

Counting

The cell number of each embryo is determined by counting the cell nuclei using a fluo-
rescence microscope with an ultraviolet filter. Under the UV filter, cells of the trophec-
toderm appear pink, and cells of the inner cell mass appear blue. If the embryos appear
to be three-dimensional, apply a small amount of pressure to the cover slip with the tip
of a pen. This should cause the embryo to flatten into a two-dimensional image, thus
enabling an accurate cell count.

Trophectoderm cells are stained with both propidium iodide and bisbenzimide during
this procedure and thus appear pink. However, propidium iodide is very light sensitive
and photobleaches over time. If the procedure takes a long time, then the blue bisbenzimide
stain may overpower the propidium iodide under the UV filter. Therefore, under the UV
filter count total cells (both pink and blue), then count only trophoectoderm cells (orange)
under the green filter and subtract from the total to give the inner cell mass number.

Protocol 3.5. Preparing media for research use

All of the media listed in tables 3.1–3.3 are commercially available. This guide to media
preparation is based on the assumption that all chemicals and contact supplies have
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previously been screened using a mouse embryo bioassay. Rather than using a specific
medium as an example, we here present how to formulate a Generic Culture Medium,
containing amino acids, designated GCM. This protocol can be adapted to make any
embryo culture media such as those listed in tables 3.1–3.4.

Groupings and shelf-life of stock solutions

Stock A (salts and carbohydrates): X10 stock; use for 3 months
Sodium chloride
Potassium chloride
Potassium/sodium phosphate
Magnesium sulfate/chloride
Glucose
Lactate (L-isomer only)
Penicillin

Stock B: X10 stock; use for 2 weeks
Sodium bicarbonate
Phenol red

Stock C: X100 stock; use for 1 month
Calcium chloride/lactate

Stock D: X100 stock; use for 2 weeks
Sodium pyruvate

Stock E: X100 stock; use for 3 months
EDTA

Stock F: X100 stock; use for 3 months
Amino acids

Stock G: X100 stock; use for 3 months
Vitamins

Stock H: X10 stock; use for 3 months
HEPES / MOPS
This stock is adjusted to pH 7.3 ± 0.5 by using a concentrated stock solution of

NaOH (2–5 M).

Stock solutions that are ×10 are prepared by weighing the grams for 1 l and dissolv-
ing in 100 ml. Stock solutions that are ×100 are prepared by weighing the grams for 1
l and dissolving in 10 ml.

All stock solutions should be filtered through a 0.2-mm filter immediately after they
are prepared. Stock solutions can then be stored at 4°C. Vitamins can be frozen, thawed
once, and stored in the dark at –20°C.

Preparation of culture medium GCM and handling-GCM from stock solutions

GCM Handling-GCM
Stock (10 ml) (10 ml)

H2O 7.5 7.5
A 1.0 1.0
B 1.0 0.16
C 0.1 0.1
D 0.1 0.1
E 0.1 0.1
F 0.1 0.1
G 0.1 0.1
H — 0.84

Water should first be added to the culture flask/tube using a sterile pipette. Each
component is then added using a displacement pipette. Rinse each tip after the addition
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of each stock solution. Immediately after they are prepared, media should be filtered
through a 0.2-mm filter and then be stored at 4°C for 2–4 weeks.

Media can then be supplemented with serum albumin. If serum albumin is to be added
as a solution, the amount of water should be decreased for the amount of albumin solu-
tion to be added.
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1. IMPORTANCE OF EMBRYO ASSESSMENT

The need to identify the most viable embryo is of fundamental importance. In particu-
lar, human IVF clinics have faced this problem because stimulation protocols (1) gen-
erate more embryos to choose from and because of the increase in IVF-related multiple
births (2, 3).

Many methods have been suggested to evaluate embryo viability in both animal
models and in human IVF programs. In human IVF clinics, a limiting factor is that these
measurements need to be noninvasive and not time consuming. Routinely, the embryos
selected for transfer are chosen on the basis of their morphology and rate of develop-
ment in culture.

In this chapter we discuss a series of assessment methods, which in combination will
facilitate the selection of those embryos in a given cohort with the highest viability.
Criteria used are the assessment of morphological markers at different stages of devel-
opment at critical time points. Developmental indices include the assessment of the
pronuclear stage embryo, cleavage rate, and development to the blastocyst stage. Fi-
nally, we also elaborate on more complex techniques that have proved beneficial in
animal models and in the future may further assist in selection of the most viable em-
bryos. Although the examples given in this chapter are from humans, the embryo as-
sessment and scoring systems described can be readily adapted for different laboratory
or domestic species.

2. MORPHOLOGICAL ASSESSMENT

2.1 The Pronuclear-Stage Embryo

The many transformations that take place during the fertilization process make the pro-
nuclear stage a dynamic stage to assess. The human oocyte contains the majority of the
developmental materials and maternal mRNA, for ensuring that the embryo reaches the
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four- to eight-cell stage (4). The quality of the oocyte therefore plays a crucial role for
determining embryo development and subsequent viability. A number of studies have
postulated that embryo quality can be predicted from the pronuclear-stage embryo (see
below). The features assessed include the orientation of pronuclei relative to the polar
bodies, alignment of pronuclei and nucleoli, the appearance of the cytoplasm, presence of
nuclear precursor bodies (NPB), and the timing of nuclear membrane breakdown (5).
Tesarik and Greco (5) postulated that the normal and abnormal morphology of the pro-
nucleus was related to the developmental fate of human embryos. They retrospectively
assessed the number and distribution of NPB in each pronucleus of fertilized zygotes that
led to embryos that implanted. The characteristics of these zygotes were then compared
to those that led to failures in implantation. The features that were shared by zygotes that
had the 100% implantation success were (1) the number of NPB in both pronuclei never
differed by more than three and, (2) the NPB were always polarized or not polarized in
both pronuclei but never polarized in one pronucleus and not in the other. Zygotes not
meeting these criteria were more likely to develop into preimplantation embryos that had
poor morphology and or that experienced cleavage arrest. The presence of at least one
embryo that had met these criteria at the pronuclear stage led to a pregnancy rate of 22/44
(50%) compared to only 2/23 (9%) when none were present.

A further criterion of pronuclear embryos that may affect embryo morphology is the
orientation of pronuclei relative to the polar bodies. Oocyte polarity is clearly evident
in nonmammalian species. In mammals, the animal pole of the oocyte may be estimated
by the location of the first polar body, whereas after fertilization, the second polar body
marks the embryonic pole (6). In human oocytes a differential distribution of various
factors within the oocyte has been described, and anomalies in the distribution of these
factors, in particular the side of the oocyte believed to contain the animal pole, are thought
to affect embryo development and possibly fetal growth (6–8). Following from this
hypothesis, Garello et al. (9) examined pronuclear orientation, polar body placement,
and embryo quality to ascertain if a link existed between a plausible polarity of oocytes
at the pronuclear stage and further development. The most interesting observation in-
volved the calculation of the position of the polar body. They found that with a larger
displacement in the position of the polar bodies, there was a concurrent decrease in the
morphological quality of preimplantation-stage human embryos. They postulated that
the misalignment of the polar body might be linked to cytoplasmic turbulence, hence
disturbing the delicate polarity of the zygote.

A study by Scott and Smith (7) devised an embryo score on day 1 on the basis of
alignment of pronuclei and nucleoli, the appearance of the cytoplasm, nuclear mem-
brane breakdown, and cleavage to the two-cell stage. Patients who had an overall high
embryo score (>15) had a pregnancy and implantation rate of 34/48 (71%) and 49/175
(28%), respectively, compared to only 4/49 (8%) and 4/178 (2%) in the low embryo
score group. Scott et al. (10) also showed that zygotes displaying equality between the
nuclei had 49.5% blastocyst formation, and those with unequal sizes, numbers, or dis-
tribution of nucleoli had 28% blastocyst formation. Figure 4.1 summarizes the key
morphological aspects of the pronucleate stage human embryo.

2.2 Cleavage-stage Embryos

The most widely used criteria for selecting the best embryos at the cleavage stages have
been based on cell number and morphology. In one such study, Cummins et al. (11)
established an embryo quality and development rating and found that good ratings for
both were more likely to result in clinical pregnancies. Other studies have also found
advantages in transferring embryos on the basis of a morphological and developmental
assessment (12, 13).

Bavister (14) highlighted the problem that most clinics have in selecting the best
embryos. He stated that the examination of embryos at arbitrary time points during
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development could be quite misleading with respect to categorizing the stage of devel-
opment reached and timeliness of development. The selection of a critical time point is
essential so as to maximize the differences between embryos. Observations of embryo
development in culture are sometimes made infrequently so that precise data on cleav-
age timing are usually not available.

The majority of studies that have used and reported embryo selection criteria on the
basis of cell number and morphology state that embryos were selected on day 2 or
day 3. As discussed by Bavister (14), one of the most critical factors in determining
selection criteria is to ascertain strict time points to compare the embryos. A four-cell
embryo scored in the morning of day 2 is definitely not the same as one that was scored
as a four-cell in the afternoon. Studies have used cleavage to the two-cell stage at 25 h
after insemination or microinjection as the critical time point for selecting embryos
(15, 16). In a larger series of patients, it was found that 45% of patients undergoing IVF
or ICSI have early cleaving two-cell embryos. Patients who have early cleaving two-

Figure 4.1. Ideal features shared by zygotes that have high viability at 18–19 h postinsemination/
injection. (top) The number of nucleolar precursor bodies (NPB) in both pronuclei never dif-
fered by more than 3. The NPB are always polarized or not polarized in both pronuclei but never
polarized in one pronucleus and not in the other. The angle from the axis of the pronuclei and the
farthest polar body is less than 50°. (From Sakkas [46], with permission of Martin Dunitz Press).
(bottom) Photomicrograph of a pronucleate human embryo.
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cell stage embryos allocated for transfer on day 2 or 3 have significantly higher implan-
tation and pregnancy rates. In particular, nearly 50% of the patients who have two early
cleaving two-cell embryos transferred achieve a clinical pregnancy (17) (Figure 4.2).
The embryos that cleave early to the two-cell stage have also been reported to have a
significantly higher blastocyst formation rate (18). It is also interesting to note that, in
the embryo scoring system described by Scott and Smith (7), embryos that had already
cleaved to the two-cell stage by 25–26 h after insemination were assigned an additional
score of 10. This score is a sizeable part when the high-quality embryos were judged to
be those scoring ≥15.

A vast number of variations on the theme have been published; however, some stud-
ies by Gerris et al. (19) and Van Royen et al. (20) used strict embryo criteria to select
single embryos for transfer. The necessary characteristics of their top-quality embryos
were established by retrospectively examining embryos that had a very high implanta-
tion potential. These top-quality embryos had the following characteristics: four or five
blastomeres on day 2 (41–44 h postinsemination/injection) and at least seven blastomeres
on day 3 (66–71 h postinsemination/injection), absence of multinucleated blastomeres,
and <20% of fragments on day 2 and day 3 after fertilization. When these criteria were
used in a prospective randomized clinical trial comparing single and double embryo
transfers, it was found that in 26 single embryo transfers where a top quality embryo
was available, an implantation rate of 42.3% and ongoing pregnancy rate of 38.5% was
obtained. In 27 double embryo transfers, an implantation rate of 48.1% and ongoing
pregnancy rate of 74% was obtained. The characteristics of cleavage stage embryos are
highlighted in Figure 4.3.

2.3 Development to the Blastocyst Stage

An interest in culturing human embryos to the blastocyst stage has always existed, in
particular as there were always concerns as to the logic of transferring early-cleavage-
stage embryos to the uterine environment. Limited data existed that indicated an im-
proved pregnancy rate when placing blastocysts into the uterus. Buster et al. (21)
recovered in vivo-developed human blastocysts by uterine lavage and transferred the
same blastocysts to achieve a high implantation rate (3/5, 60%), well above that cur-
rently observed in most IVF cycles. Similar implantation rates have now been published
using sequential embryo culture media by a number of clinics (22–24).

Figure 4.2. Outcome of embryo transfer related to the number of early cleaving (EC) two-cell
human embryos. Open bars, pregnancy rate; solid bars, implantation rate. *Significantly differ-
ent (p<.01) from the no early cleavage group. The number of cycles are in parentheses.
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The time of blastocyst development is evidently important, but forming a blastocyst
per se is not the criterion most strongly associated with pregnancy outcome (Figure
4.4). In the mouse model several aspects of blastocyst development and physiology were
quantitated and related to subsequent fetal development (25). It was determined that
total cell number, inner cell mass (ICM) cell number, and glycolysis had the strongest
correlation with blastocyst viability. Blastocyst formation and hatching were poorly
correlated with pregnancy outcome.

This theory has been further substantiated by a number of studies that adopted a scor-
ing method for the blastocyst transferred. This is highlighted in the study by Gardner
et al. (26), who showed that blastocysts of high quality led to the highest pregnancy and
implantation rates. Blastocysts were scored according to the expansion state of the blas-
tocoel cavity and the number and cohesiveness of the ICM and trophectodermal cells.
Blastocysts with a full blastocoel cavity, a well-populated and tightly formed ICM, and
a cohesive trophectoderm with many cells were given a score of 3AA or greater and
designated as the top-scoring blastocysts (Figure 4.5). When two such blastocysts were
transferred, pregnancy rates were >80%, and implantation rates were 70%. The transfer
of one top-scoring blastocyst in the cohort of two still led to pregnancy rates >60% and
implantation rates of 50%. The importance of blastocyst quality in relation to pregnancy
outcome has also been shown by Balaban et al. (27). The other factor important in the
assessment of blastocysts is the time of blastocyst formation. In a previous study when
cases where only day 5 and 6 frozen blastocysts were transferred were compared to those
frozen on or after day 7 and transferred, the pregnancy rates were 7/18 (38.9%) and 1/
16 (6.2%), respectively (28). In these cases expanded blastocysts with a definable ICM
and trophectoderm were frozen. These results showed that even though blastocysts could

Figure 4.3. Ideal features of the cleavage-stage embryo. (From Sakkas [46], with permission
of Martin Dunitz Press.)
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Figure 4.4. Correlation between parameters for embryo assessment and fetal development after
transfer. The plots show the relationship between seven parameters used to determine the effec-
tiveness of different culture media to support mouse blastocyst development, and the resultant
viability after transfer (25). Dots represent mean values. (a) blastocyst formation and fetal devel-
opment (p > .1); (b) blastocyst hatching and fetal development (p > .1); (c) total blastocyst cell
number and fetal development (p < .01); (d) inner cell mass cell number and fetal development
(p < .05); (e) trophectoderm cell number and fetal development (p > .1); (f) inner cell mass out-
growth and fetal development (p < .01); (g) glycolytic activity and fetal development (p < .07).
The relationship between glycolysis and viability has been further analyzed (36). The techniques
used to assess embryo development and metabolism can be found in chapters 3, 8, and 9. (From
Lane and Gardner [25], with permission from Reproduction.)
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Figure 4.5. Blastocyst scoring system used to select embryos for transfer. (a) Initially blastocysts
are given a numerical score from 1 to 6 based on their degree of expansion and hatching status:
(1) early blastocyst; the blastocoel being less than half the volume of the embryo; (2) blastocyst;
the blastocoel being greater than or equal to half of the volume of the embryo; (3) full blastocyst;
the blastocoel completely fills the embryo; (4) expanded blastocyst; the blastocoel volume is now
larger than that of the early embryo and the zona is thinning; (5) hatching blastocyst; the trophec-
toderm has started to herniate though the zona; (6) hatched blastocyst; the blastocyst has completely
escaped from the zona. The initial phase of the assessment can be performed on a dissection micro-
scope. The second step in scoring the blastocysts should be performed on an inverted microscope.
For blastocysts graded as 3–6 (i.e., full blastocysts onward) the development of the inner cell mass
(ICM) and trophectoderm can then be assessed. ICM grading: (A) tightly packed, many cells;
(B) loosely grouped, several cells; (C) very few cells; (D) degenerate ICM. Trophectoderm grad-
ing: (A) many cells forming a cohesive epithelium; (B) few cells forming a loose epithelium; (C)
very few, large cells; (D) degenerate cells. (b) Photomicrograph of a human blastocyst (score 4AA
morning of day 5). The blastocoel cavity is expanding and the zona is thinning (score of 4). The
trophectoderm is composed of numerous cells (score of A). Blastocyst diameter is 140 mm. (c) Pho-
tomicrograph of the same human blastocyst in panel b taken in a different focal plane. The ICM is
visible and is composed of numerous tightly packed cells (score of A). (Adapted from Gardner and
Schoolcraft [45] with permission of Parthenon Publishing.)
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be obtained, the crucial factor was when they became blastocysts. When taking this into
account, the best blastocysts would be those that develop by day 5. In the bovine model
it has also been demonstrated that those embryos that form blastocysts earlier are the
most viable (29).

A number of studies have attempted to investigate whether the embryos that are grow-
ing the best at the earlier stages of development are also those that reach the blastocyst
stage. Although this seems logical, the results are not conclusive. For example, Graham
et al. (30) reported that the criteria for embryo selection on day 3 seem to be inadequate
for selecting blastocysts. In contrast, Shapiro et al. (31) found a predictive value of 72-h
blastomere cell number on blastocyst development and success of subsequent transfer
based on the degree of blastocyst development. Similarly, Langley et al. (32) showed
that there was a relationship between embryo cell number on day 3 and the potential to
form a blastocyst (Figure 4.6).

3. ASSESSMENT OF METABOLISM TO SELECT EMBRYOS

Renard et al. (33) observed that day-10 cattle blastocysts which had a glucose uptake
> 5 mg/h developed better both in culture and in vivo after transfer than those blasto-
cysts with a glucose uptake below this value. However, due to the insensitivity of the
spectrophotometric method used, they could not quantitate glucose uptake by younger
embryos. Using the technique of noninvasive microfluorescence, Gardner and Leese
(34) measured glucose uptake by individual day-4 mouse blastocysts before transfer to
recipient females. Those embryos that went to term had a significantly higher glucose
uptake in culture than those embryos that failed to develop after transfer. However, such
studies were retrospective and as such could not conclusively demonstrate whether it
was possible to identify viable embryos before transfer using metabolism as a marker.
Therefore, in a prospective study, Lane and Gardner (35) used glucose uptake and lac-
tate production to determine glycolytic activity in individual day-5 mouse blastocysts
before transfer. Blastocysts were classified as viable or nonviable according to their rate

Figure 4.6. Relationship between cell number and blastocyst development on day 3. The filled
circles represent IVF patients, the open circles represent the oocyte donors. There is a significant
linear trend between cell number and blastocyst development from the two- to eight-cell stage
for both groups of patients (linear regression; r = .96, p < .01). (From Langley et al. [32], with
permission of the European Society of Human Reproduction and Oxford University Press.)
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of glucose uptake and lactate production. Metabolism of mouse blastocysts of equal
dimensions and morphology was quantitated noninvasively and the blastocysts were
classified as either viable or nonviable. Those blastocysts that exhibited a pattern of gly-
colytic utilization similar to that of embryos developed in vivo (high glucose uptake
and low lactate production) had a developmental potential of 80%, whereas those blas-
tocysts that exhibited an excessive lactate production (i.e., aberrant glycolytic activity)
had a developmental potential of only 6%. Therefore, both the rate of nutrient uptake
and its subsequent fate are important determinants of embryo viability.

Similarly, studies on nutrient uptake and subsequent viability have been performed
on the human embryo. In a retrospective analysis, Conaghan et al. (36) observed an
inverse relationship between pyruvate uptake by two- to eight-cell embryos and subse-
quent viability. However, it is important to note that such measurements were performed
before human embryonic genome activation. It is therefore plausible that the observed
differences in pyruvate uptake reported by Conaghan et al. (36) reflected differences
inherited from the oocyte and did not represent the true physiology of the later stage
embryo. Furthermore, the medium used to assess nutrient consumption was a simple
one lacking amino acids and vitamins. In a study on human morulae and blastocysts of
different degrees of expansion, no conclusive data were generated on the ability of
nutrient consumption to predict pregnancy outcome (37). Again, however, the medium
used to assess embryo metabolism was a simple one, lacking pyruvate, lactate, amino
acids, and vitamins. Under such severe culture conditions the resultant stress on the
embryos would have been enormous, and therefore it is questionable whether any mean-
ingful data could have been obtained. In fact, one would expect embryos undergoing
such a treatment to be compromised. In contrast, Van den Bergh et al. (38) showed that
in patients who conceived following blastocyst transfer, their embryos had a higher
glucose uptake than those blastocysts that failed to establish a pregnancy. Similar to the
data reported on the mouse (35), viable human blastocysts had a significantly lower gly-
colytic activity than those embryos that did not establish a pregnancy. Importantly, in
the work of Van den Bergh et al. (38), a compete medium was used for the metabolic
assessment, thereby alleviating the culture-induced stress associated with the work of
Jones et al. (37).

Two studies have determined the relationship between human embryo nutrition and
subsequent development in vitro. Gardner et al. (39) determined that glucose consump-
tion on day 4 by human embryos was twice as high in those embryos that went on to
form blastocysts. Furthermore, blastocyst quality affected glucose uptake. Poor-quality
blastocysts consumed significantly less glucose than top-scoring embryos. Significantly,
within a cohort of human blastocysts from the same patient with the same alpha-
numeric score (i.e., 4AA), there was a significant spread of metabolic activities. These
embryos were cultured in sequential media G1 and G2 and their metabolism assessed
in the medium G2 to prevent metabolic transformation. Therefore, assessing metabolic
activity and metabolic normality may prove to be a feasible way to determine embry-
onic health. In a study on amino acids, Houghton et al. (40) determined that alanine
release into the surrounding medium on day 2 and day 3 was highest in those embryos
that did not form blastocysts. Details of metabolic analysis can be found in chapter 8.

The assessment of embryo metabolism to select viable embryos may be most effec-
tive when examining embryos after cryopreservation. A study on the metabolism of
day-7 cattle blastocysts before and after cryopreservation showed that it was possible
to identify those blastocysts capable of reexpansion in the hours immediately after thaw
(41). Those blastocysts that survived the freeze–thaw procedure had a significantly higher
glucose uptake and lactate production than those embryos that did not reexpand and
subsequently died. Of greater significance, however, was the observation that there was
no overlap in the distribution of glucose uptake by the viable and nonviable embryos
and very little overlap of lactate production, suggesting that it is feasible to use meta-
bolic criteria for the prospective selection of viable embryos post thaw.
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4. APPLICATION OF SEQUENTIAL ANALYSIS OF EMBRYOS

The selection criteria discussed thus far have all shown benefits in identifying individual
embryos that have a higher viability. A multiple-step scoring system that encompasses
all the above criteria would allow us to allocate a score to those embryos that attain a
defined hurdle at each step of assessment. The scoring would therefore be based on
positive points at each step (Protocol 4.1). Embryos that do not show the required pat-
tern of development at the specific time would not score. To implement this system,
embryos would need to be cultured singularly.

4.1 Examples of Data Collected

The criteria established are seen as ideal hurdles of development. At every step an em-
bryo would be given a set score when it reached the ideal criteria of a certain stage.
Only embryos reaching the desired hurdle obtain a score. It would, however, be pos-
sible that an embryo may not pass one step, but would pass the hurdle at a following
step. The embryo or embryos attaining points at each step would therefore be the ones
that would be selected for transfer. For example, if one is attempting to transfer a single
embryo to a patient, the following scenario could be envisaged. An embryo may not
pass any of the earlier hurdles but still form a high-grade blastocyst on day 5. If this
were the most successful of the cohort of embryos, then this would be the embryo se-
lected. If, however, six blastocysts were observed on day 5, all of equally high grade,
then the blastocyst that had achieved the most positive scores at each of the previous
hurdles could be transferred. Furthermore, patients who have low numbers of embryos
and may have transfer on day 2 or 3 could be assessed using the initial criteria, and the
embryo that passed the initial hurdles would be selected. A proposed schedule of em-
bryo selection is given in Figure 4.7. Examples of an embryo scoring schedule are also
given in Figure 4.8. It is important to note that to date the strongest criteria of selection
appear to be a high-quality blastocyst on day 5 of development; hence the scoring sys-
tem is biased to attribute a higher value to embryos reaching this stage. These systems
can be readily adapted for different species.

5. TROUBLESHOOTING

One practical issue for performing such a selection process is that embryos would have
to be cultured in individual drops. This may remove any necessary benefits of culturing
embryos in groups (33). A further practical issue is that embryos will need to be ob-
served more often; however, using drop culture systems under oil should allay this. The
extra observations, if performed under a controlled heated and gassed climate, should
not be detrimental to the embryo. In prolonged culture, pronuclear assessment, change
over into new media on day 3, and assessment of the blastocyst is already performed.
The extra assessment periods would be the check of early-cleaving two-cell embryos
and assessment of embryos on day 2 and day 4. One optional observation would be that
of the polar body placement, as described by Garello et al. (9). This assessment crite-
rion involves photography, followed by calculation from the photograph, which would
involve a further manipulation of the zygote once the polar body displacement has been
calculated.

6. FUTURE POSSIBILITIES OF ASSESSMENT

The expanding knowledge in molecular techniques and the ability to assess minute amounts
of material will surely benefit single embryo assessment methods. Indeed, we have al-
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Figure 4.7. A strategy for the sequential analysis of embryo development. NPB, nucleolar pre-
cursor bodies.

ready seen certain techniques that have used chromosomal analysis of polar bodies or single
blastomeres to improve the chances of older patients achieving pregnancy (42–44).

7. CONCLUSION

For many years the preimplantation embryo was considered a static entity. However, it
seems illogical to make a single static assessment on the day of transfer and believe that
this is indicative of a whole series of complex developmental processes. The embryo
passes numerous hurdles as it develops, and we must assess each of these hurdles so
that we can select the most viable embryo. In adopting this strategy we will be able to
maintain high implantation and pregnancy rates.
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Figure 4.8. Sequential scoring system for human embryos.

Protocol 4.1. Sequential assessment of embryos

Day 1

1. Quickly identify any oocyte(s) present and carefully strip away the surrounding
cumulus cells using micropipette.

2. Place in wash droplet.
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3. Observe and/or photograph denuded embryo(s) and note the number of pronu-
clei and polar bodies present.

4. Quickly transfer the fertilized embryos to specific drops in day-1 plate and as-
sess features.

5. Note all observations on score sheet.
6. At 25–26 h after insemination/ICSI, assess embryos for cleavage to the two-cell

stage and note on worksheet.

Day 2

1. At 42–44 h after insemination/ICSI, assess embryos for cleavage to the four-cell
or greater stage and for fragmentation and note on worksheet.

2. Prepare a separate dish by placing culture medium drops onto base of the dish
using the next sequential embryo culture media if progressing to blastocyst stage
(see chapter 3). Label 1, 2, 3, 4, and so on, and C (center).

Day 3

1. Assess embryos 66–68 h after insemination/ICSI for cleavage to the eight-cell or
greater stage and for fragmentation and note on worksheet.

2. Transfer all embryos to drops in the new culture media if using sequential cul-
ture media.

Day 4

1. Assess embryos 94–98 h after insemination/ICSI for early signs of blastocoel
cavity and compaction.

2. Note on worksheet.

Day 5

1. Assess embryos for the presence of a blastocoel cavity.
2. Grade as to their stage (see figure 4.5).

Select embryos for transfer according to those with the highest total score on the day
of transfer.
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Although further cytogenetic information is needed about oocytes reconstituted by
transfer of an old nucleus into a younger ooplast, this approach appears to be the treat-
ment option for age-related oocyte aneuploidy. Although further technical improvements
are needed, especially in regard to the in vitro maturation process, this approach now
provides an interesting avenue to explore in attempting to prevent chromosomal defects
associated with oocyte aging.

5.3.3 An Alternative Source of Oocytes

Although better culture conditions might enhance the limited ability of human GV oo-
cytes to mature in vitro after nuclear transplantation, obtaining a sufficient number from
older women for such reconstitution is a limiting factor. It is possible, however, that
sufficient number of oocytes might be created by a form of cloning—by transplanta-
tion of a nucleus taken from a patient’s somatic cell into an enucleated ooplast obtained
from a younger donor. Such a construction of viable oocytes from somatic cells would
benefit older women, women with premature ovarian failure, or those considered “poor
responders.”

Because GV oocytes can complete the first meiotic division spontaneously in vitro, it is
possible that GV-stage ooplasm might suppport the haploidization of diploid somatic nu-

Figure 5.8. Aspiration of the nucleus from a germinal vesicle stage human oocyte (400×). The
cytoplasmic bridge is still visible.

Figure 5.9. Transfer of the isolated karyoplast into the perivitelline space of an enucleated
oocyte (400×).
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1. MALE-FACTOR INFERTILITY AND ICSI

Since the first human birth following in vitro fertilization (IVF) in 1978, this procedure
has been used extensively to treat infertility. However, in many cases of male-factor
infertility spermatozoa cannot fertilize, and a number of micromanipulation techniques
have been developed to overcome this inability. Micromanipulation of human gametes
has not only allowed fertilization in cases of severe oligozoospermia, even by defective
spermatozoa, but has provided a powerful tool for exploring the basic elements of oo-
cyte maturation, fertilization, and early development. Micromanipulation techniques also
now permit the diagnosis and sometimes even the correction of genetic anomalies, as
well as optimization of implantation in certain cases.

Intracytoplasmic sperm injection (ICSI) is now the primary micromanipulation tech-
nique used for treating male-factor infertility. It entails the mechanical insertion of a
selected spermatozoon directly into the cytoplasm of a human oocyte. This procedure
was first applied to human gametes in 1988 (1), but human pregnancies were reported
first only 4 years later (2). Since that time, ICSI has achieved consistent fertilization
and high pregnancy rates in couples with suboptimal spermatozoa (2–7). The success
of this procedure appears not to be influenced by the collection method, origin or qual-
ity of the semen, or by the presence of antisperm antibodies. The fact that virtually any
spermatozoon can induce oocyte activation and pronucleus formation has extended the
use of ICSI to azoospermic patients as well.

Until the establishment of ICSI, azoospermia was considered to be a poorly treatable
form of male-factor infertility. In fact, the fertilization rate obtained with standard
in vitro insemination in male-factor patients was 10–13%. The application of ICSI to
testicular spermatozoa has been used to treat azoospermia successfully (8), with the first
ICSI series using epididymal spermatozoa reported soon thereafter (9). Although the
fertilization rates obtained with surgically retrieved spermatozoa were satisfactory, they
were significantly lower than those achieved with fresh ejaculates. Because surgically
retrieved spermatozoa appeared to benefit from a more aggressive immobilization pro-
cedure (10), the reason was attributed possibly to a higher lipid content of the sperm



MICROMANIPULATION OF GAMETES 77

membrane. Aggressive membrane permeabilization may exert its effect by facilitating
the release of a sperm cytosolic factor that is able to activate the oocyte (11, 12).

Approximately 10% of male-factor infertility has been attributed to complete azoo-
spermia, which presents either in an obstructive or a nonobstructive form. In obstruc-
tive cases, spermatozoa are retrieved by microsurgical epididymal sperm aspiration or
by percutaneous epididymal sperm aspiration, and only when the epididymal access is
lacking is testicular sampling deemed appropriate. Obstructive azoospermia is charac-
terized by a normal sperm production and often by congenital absence of the vas defer-
ens, a condition linked to a cystic fibrosis gene mutation. Nonobstructive azoospermia,
in contrast, is characterized by a varying degree of spermatogenic failure and is often
associated with an increased number of chromosomal abnormalities (13, 14). The only
method for retrieval in the latter case involves direct biopsy of the testis (15). More
recently, the testicular fine needle aspiration (TEFNA) technique has been introduced
as an alternative to the open biopsy approach (16).

ICSI has also proven to be useful when only a low number of oocytes are retrieved
and when oocytes and embryos are to be considered for preimplantation genetic di-
agnosis (PGD). Because analysis of the polar body requires corona cell removal and
opening of the zona pellucida, ICSI becomes the only option for avoidance of
polyspermy in such cases. Cytogenetic analysis of embryos for PGD, particularly if
performed by PCR, also benefits from the absence of potentially contaminating sper-
matozoa attached to the zona pellucida. In presenting a realistic option for treatment
of sperm-related problems, ICSI has allowed embryologists to concentrate their ef-
forts on another important limiting factor for conception: oocyte/embryo quality. In a
significant proportion, failure of conception is linked to embryo abnormalities that
can perhaps be attributed to cytosolic defects at the respiratory or metabolic level. In
some instances, however, these embryos can be rescued by transferring ooplasm col-
lected from a normal donor oocyte (17).

On the other hand, some genetically abnormal oocytes may develop into morpho-
logically normal embryos, but these either are unable to implant or, if they develop to
the fetal stage, do not progress to term. It is well known that many such oocytes have a
chromosomal abnormality, an anomaly seen more commonly with advancing maternal
age, and attempts are underway to avoid oocyte aneuploidy. This can be accomplished
by micromanipulation that involves nuclear transplantation (18), an approach that re-
quires not only removal of cumulus cells but opening of the zona pellucida, so ICSI is
the method of insemination.

In this chapter, we review the different techniques of sperm and oocyte manipula-
tion that are used for ICSI and consider the techniques that hold promise in the treat-
ment of oocyte/embryo abnormalities.

2. INDICATIONS FOR ICSI

Despite agreement in some areas, no universal standards for patient selection have
emerged in regard to ICSI. There is a general consensus that ICSI should be performed
following fertilization failure in standard IVF with putatively normal oocytes, and where
an appropriate sperm concentration was used even in microdrops—useful criteria for
all male-factor patients, even those who have not been treated before.

Although oocytes that failed to fertilize with standard IVF techniques can sometimes
be reinseminated successfully by ICSI, this introduces a risk of creating embryos from
aged eggs (19). In our own limited experience, six of eight pregnancies established by
micromanipulation of such oocytes miscarried, and cytogenetic studies performed on
the aborted fetuses provided evidence of chromosomal abnormalities. Thus, notwith-
standing a recent report of normal pregnancies (20), we currently reinseminate unfertil-
ized oocytes only for research purposes.
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In regard to sperm numbers, a count of < 5 × 106/ml generally reduces the likelihood
of fertilization with normal IVF procedures, regardless of etiology (21), and < 0.5 ×
106/ml with < 4% normal forms in the initial ejaculate is considered unsuitable for stan-
dard IVF. In addition, occasional fertilization failure may occur with an apparently
normal ejaculate (22), possibly due to spontaneous hardening of the zona pellucida after
in vitro culture (23) or to an inherently impenetrable zona around oocytes that often
reveal ooplasmic inclusions (24, 25). The rare sperm abnormality that prevents fusion
of the perivitelline spermatozoon with the oolemma (26) also justifies ICSI. In many
instances, however, failure of fertilization is due to multiple sperm abnormalities com-
mon in cases of severe oligo-, astheno-, or terato-zoospermia as defined by the World
Health Organization (27), and there is a clear consensus that in such cases where IVF
rates drop to < 10% (28), ICSI is the only treatment option (29).

2.1 Ejaculated Spermatozoa

Semen samples are collected by masturbation preferably after 3 days of abstinence and
are first allowed to liquefy for at least 20 min at 37ºC. Viscous samples are first incu-
bated for 3–5 min in 2–3 ml of HEPES-buffered medium (M-HEPES) containing 200–
500 IU of chymotrypsin (Sigma Chemical Co., St. Louis, MO). See Tables 3.1 to 3.3.

After evaluating concentration and motility in a counting chamber, 5 ml of a sperm
suspension is spread on prestained slides (Testsimplets, Boehringer Mannheim) to as-
sess morphology and the presence of other cells or bacteria. Morphological parameters
are evaluated according to Kruger et al. (30), and a sample is considered to be compro-
mised when the sperm density is < 20 × 106/ml, total motility is < 40%, and normal
morphology is < 5%.

Adequate samples (> 20 × 106/ml concentration with > 40% motility) are washed by
centrifugation at 500 g for 5 min in culture medium supplemented with 5% human
serum albumin (Plasmanate), and sperm are then allowed to swim up. Suboptimal
samples are washed in HTF by a single centrifugation at 1,800 g for 5 min. The resus-
pended pellet is layered on a three-layer discontinuous density gradient (90–70–50%)
and centrifuged at 300 g for 20 min. A two-layer density gradient is used (95–47.5%)
when samples have a sperm density of < 5 × 106/ml and < 20% motility. Spermatozoa
are isolated from the high-density fraction by double centrifugation (1,800 g for 5 min)
after adding 4–5 ml of culture medium. When necessary, the final suspension can be
adjusted to 1–1.5 × 106 spermatozoa/ml by adding medium. Samples are incubated at
37ºC in a gas atmosphere of 5% CO2 in air until use.

2.2 Surgically Retrieved Spermatozoa

2.2.1 Epididymal Spermatozoa

Spermatozoa from men with irreparable obstructive azoospermia are obtained by mi-
crosurgical epididymal sperm aspiration (31, 32) or percutaneous epididymal sperm
aspiration (33) and, when epididymal access is lacking, by testicular sampling. Vari-
able volumes of fluid (1–500 ml) generally containing concentrated spermatozoa are
aspirated from the epididymal lumen with a glass micropipette or a metal needle. The
preparation and selection of epididymal spermatozoa is performed as described above.

2.2.2 Testicular Spermatozoa

The testicular approach, by open biopsy or by fine needle aspiration, is used for azoo-
spermic men with nonobstructive azoospermia as well as obstructive cases when the
epididymal approach is not possible. A biopsy of approximately 500 mg is rinsed in
medium to remove red blood cells and divided into small pieces under a stereomicro-
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scope (34). Motility or twitching is then assessed at 100–200× magnifaction, and a sec-
ond biopsy specimen is obtained if spermatozoa are not found. Spermatozoa can be
released by shredding the testicular tissue with two glass slides or fine tweezers, pro-
ducing unraveled and broken tubules. Other methods include vortexing or crushing the
biopsy in a tissue homogenizer. If more than 10 × 106/ml red blood cells are present, the
sample is also treated with an erythrocyte-lysing buffer solution (155 mM NH4Cl,
10 mM KHCO3, 2 mM EDTA, pH 7.2) (35), after which the sperm suspensions are lay-
ered on a discontinuous two-layer density gradient (95–47.5%). After centrifugation,
the pellet from the 95% fraction is prepared as described above.

2.2.3 Cryopreservation of Surgically Retrieved Spermatozoa

For cryopreservation of excess epididymal spermatozoa (35), a suspension (at a con-
centration of approximately 30 × 106/ml) is diluted volume for volume with an equal
amount of cryopreservation medium (Freezing Medium-Test Yolk Buffer with Glyc-
erol; Irvine Scientific, Irvine, CA). Up to 1-ml aliquots are placed in 1-ml cryogenic
vials (Nalgene Brand Products, Rochester, NY), kept at –20ºC for 35 min, exposed to
liquid N2 vapor at –70ºC for 10 min, and then plunged in liquid N2 at –196ºC. When
required, vials are thawed at room temperature. In regard to testicular spermatozoa, the
suspension of microdissected testicular tissue is cryopreserved similarly by the addi-
tion of equal amounts volume for volume of cryopreservation medium (Irvine Scien-
tific) and processed as described above.

2.3 Oocytes

Oocytes are retrieved after pituitary desensitization with a gonadotropin-releasing hor-
mone agonist and follicle stimulation with a combination of human menopausal gona-
dotropins (hMG) (Pergonal, Serono, Waltham, MA; Humegon, Organon Inc., West
Orange, NJ), and FSH (Gonal-F, Serono; Follistim, Organon). Human chorionic gona-
dotropin (hCG) is administered when criteria (e.g., ultrasound, estradiol levels) for oocyte
maturity are met, and retrieval is performed 35 h later by vaginal ultrasound-guided
puncture. Under the inverted microscope at 100×, the cumulus–corona-cell complexes
are scored as mature, slightly immature, completely immature, or slightly hypermature.
Thereafter, the oocytes are incubated up to 4 h depending on their state. Immediately
before micromanipulation, the cumulus-corona cells are necessarily removed for oo-
cyte observation and accurately controlled by the use of the holding and/or injecting
pipette. Such removal involves oocyte exposure to M-HEPES containing 40 IU/ml of
hyaluronidase (type VIII, Sigma), then hand-drawn aspiration in and out using a Pas-
teur pipette with an inner diameter of approximately 200 mm. In assessing oocyte matu-
ration and integrity, metaphase II (MII; the only suitable stage for ICSI) is judged
according to the absence of the germinal vesicle and the presence of an extruded polar
body.

2.4 Microinjection

2.4.1 Setting

Immediately before injection, 1 ml of the sperm suspension is diluted with 4 ml of a 10%
PVP solution (approximately 300 mOsmol; PVP-K 90, molecular weight 360,000; ICN
Biochemicals, Cleveland, OH) in M-HEPES medium placed in the middle of the plas-
tic Petri dish. The viscosity of this solution slows down the aspiration and prevents sperm
cells from sticking to the injection pipette. Avoidance of too many spermatozoa in the
PVP-containing droplet also reduces the level of contaminants that can be carried into
the oocytes during injection. However, when < 500,000 spermatozoa are available in
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toto, the suspension is first concentrated in approximately 3 ml and transferred directly
to the injection dish, which contains M-HEPES supplemented with 10% plasmanate).
Each oocyte is placed in a 5-ml droplet of this medium surrounding the central drop con-
taining the sperm suspension. The droplets are covered with lightweight paraffin oil.
Spermatozoa are aspirated from the central droplet or the concentrated 3 ml sperm sus-
pension drop and transferred into the droplet containing PVP to remove debris and gain
aspiration control.

Injection is performed on a heated stage (Easteach Laboratory, Centereach, NY) fit-
ted on a Nikon Diaphot inverted microscope at 400× magnification using Hoffman
Modulation Contrast optics. This microscope is equipped with two motor-driven coarse-
control manipulators and two hydraulic micromanipulators (MM-188 and MO-109,
Narishige Co. Ltd.). The micropipettes are fitted into a tool holder controlled by two
IM-6 microinjectors (Narishige).

2.4.2 Sperm Selection and Immobilization

At a magnification of 400×, it is difficult to select spermatozoa on the basis of morphol-
ogy while they are in motion and without the use of stain. Nonetheless, normally shaped
spermatozoa can be selected, to a certain extent, by observing their shape, light refrac-
tion, and motion patterns in a viscous medium.

Spermatozoa are aspirated and after release positioned transversely to the tip of the
pipette, which is gently lowered to compress the mid-region of the sperm flagellum
against the petri dish, thus immobilizing it (Figure 5.1). It is important to note that mo-
tile spermatozoa do not fertilize as well as immobilized spermatozoa.

It has been proposed that such immobilization involves a membrane permeabilization
that may allow the release of a sperm cytosolic factor that activates the oocyte (11).
Interestingly, a more aggressive immobilization is required for surgically retrieved than
for ejaculated spermatozoa (10).

2.4.3 Injection

The oocyte is held in place by the suction applied through the holding pipette (Figure 5.2).
During the injection procedure, a better grip of the egg is established when the inferior
pole of the oocyte is touching the bottom of the dish. The injection pipette is lowered,
and the outer right border of the oolemma on the equatorial plane at 3 o’clock is brought

Figure 5.1. Immobilized human spermatozoon. The sperm flagellum is kinked by mechanical
action (600×).
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into focus. The spermatozoon is then brought close to the beveled opening of the injec-
tion pipette (Figure 5.2). This is pushed into the zona to indent the oolemma, at which
point a break in the oolemma should occur at the approximate center of the egg. This
break is anticipated by a sudden quivering of the convexities of the invaginated oolemma
above and below the penetration point, as well as by the uptake of the ooplasmic
organelles and a backward movement of the spermatozoon itself up the pipette. The
cytoplasmic organelles and the spermatozoon are then slowly released back into the
cytoplasm. The aspiration of cytoplasm is thought to provide an additional stimulus for
activation of the egg. To optimize its interaction with the oocyte cytosol, the spermato-
zoon should be ejected beyond the tip of the pipette (Figure 5.3) to maintain an intimate
comingling with the organelles during pipette withdrawal. While the pipette remains at
the approximate center of the egg, reaspiration of some surplus medium ensures that the
cytoplasmic organelles “embrace” the sperm, thereby reducing the size of the breach cre-
ated in the ooplasm. This also facilitates closure of the terminal part of the funnel-shaped
opening at 3 o’clock (Figure 5.4). Once the pipette is removed, the border of the opening
should maintain a funnel shape with a vertex into the egg, but if the border becomes in-
verted the cytoplasmic organelles may leak out, and the oocyte may lyse (36).

Figure 5.2. Piercing the zona pellucida with the ICSI needle (400×).

Figure 5.3. Positioning of the spermatozoon into the cytoplasm of a metaphase II oocyte (400×).
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3. RESULTS

From September 1993 through June 1999, we performed ICSI in 3360 cycles with ejacu-
lated spermatozoa and in 468 cycles with surgically retrieved spermatozoa. All couples
undergoing surgical retrieval were genetically screened and counseled. Mean maternal
age was 36.2 ± 5 years for cases involving ejaculated spermatozoa and 34.5 ± 5 years
for surgically retrieved spermatozoa. Clinical pregnancy was defined as the presence of
a gestational sac as well as at least one fetal heartbeat.

3.1 Ejaculated Spermatozoa

A total of 3360 ICSI cycles were performed with ejaculated spermatozoa: 355 cycles
where the semen parameters were normal and 3005 with abnormal parameters accord-
ing to the World Health Organization and Kruger’s strict criteria. After injection, 94.4%
of 28,478 oocytes survived, and 75.3% displayed two pronuclei. Though the group sizes
varied greatly, the origin of the semen sample when mature spermatozoa were used (fresh
or cryopreserved spermatozoa obtained by masturbation, electroejaculation, or bladder
catheterization) did influence fertilization rate (p = .0001; Table 5.1). When the fertili-
zation and pregnancy rates of ejaculated spermatozoa were compared with surgically
retrieved spermatozoa, a significant difference was found (p = .0001; Table 5.2).

3.2 Surgically Retrieved Spermatozoa

From a total of 309 cycles performed with epididymal spermatozoa and 159 cycles with
testicular spermatozoa, we observed that cryopreservation clearly impaired motility
parameters (p < .0001) and pregnancy outcome (p < .001), though the ICSI fertiliza-
tion rate was unaffected (Table 5.3). The fertilization and pregnancy rates after ICSI

Figure 5.4. Sealing of the oolemma after withdrawal of the injection tool (400×).

Table 5.l. Fertilization Rates According to Semen Origin and Collection Method

Semen Origin Cycles Oocyte Fertilized/Oocyte Inseminated

Fresh 3,154 20,026/26,539 (75.4%)*
Cryopreserved 161  1,084/1,503 (72.1%)*
Electroejaculate  31   250/312 (80.1%)*
Retrograde ejaculate 6 55/59 (93.2%)*
Cryopreserved electroejaculate 8 40/65 (61.5%)*

*c2 2 × 5, 4 df; effect of etiology and collection method of spermatozoa on fertilization rate, P = 0.0001.
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were lower when testicular spermatozoa were used, but were similar for both fresh and
cryopreserved.

3.3 Pregnancy

Among the 3828 ICSI cycles, 56.3% presented with a positive b-hCG (Table 5.4). Of
these, 301 were biochemical (7.9%) and 129 were empty sacs (3.4%). A viable fetal
heartbeat was observed in 1724 patients of which 192 miscarried or aborted, and 15
had ectopic pregnancies. As of March 1, 2001, the ongoing pregnancy rate was 39.6%
per retrieval and 41.6% per replacement. The evolution and outcome of the implanted
embryos (Table 5.5) demonstrated an implantation rate of 22.9% sacs with a positive fetal
heartbeat. An additional 17.7% of 2786 embryos were lost, as detailed in Table 5.5. The
frequency of high-order gestations at 6 weeks was 45.7% (788/1724): 547 twins (31.7%);
211 triplets (12.2%); 28 quadruplets (1.6%); 1 with 5 fetal heartbeats (0.6%) and 1 with
6 fetal heartbeats (0.6%).

Of the 146 miscarriages, 37 cases were karyotyped. All trisomies occurred in women
> 35 years old. Furthermore, among 26 patients > 36 years of age (mean 39.0 ± 2),
10 pregnancies were therapeutically terminated because of trisomy 21, two for trisomy
18, one for chromosome 18 translocation, and one case of Klinefelter’s syndrome. Other
reasons for termination were one neural tube defect, one physical accident, five termi-
nations for unknown reason, and another five were elective. In the age group ≤ 35 years
(mean 33.3 ± 2), three patients were aborted due to a mosaic Klinefelter (47,XXY/
47,XY), and two because of trisomy 21.

Among a total of 2190 babies born from 1485 deliveries, the gender distribution
included 1114 males and 1076 females (ratio 1.04:1), with 516 (34.7%) twin pregnan-
cies, 93 (6.3%) triplet, and 1 (0.07%) quadruplet. ICSI newborns experienced a lower
rate of congenital malformations than with standard IVF (p < .05; Table 5.6). Only 1.8%
of the 2190 newborns exhibited congenital abnormalities: 23 were major and 17 were

Table 5.2. Fertilization and Pregnancy Rates According to
Semen Origin

Spermatozoa

Ejaculated Surgically Retrieved

Cycles 3,360 468
Fertilizations 21,455/28,478 (75.3%)* 3,163/4,485 (70.5%)*
Clinical pregnancies 1,471 (43.8%)† 253 (54.0%)†

*c2 2 × 2, I df; effect of spermatozoal source on fertilization rate, P = 0.0001.
†c2 2 × 2, 1 df; effect of spermatozoal source on clinical pregnancy rate, P = 0.0001.

Table 5.3. Sperm Parameters and ICSI Outcome with Fresh or Frozen/Thawed Surgically
Retrieved Spermatozoa

Epididymal Spermatozoa Testicular Spermatozoa

Fresh Frozen/Thawed Fresh Frozen/Thawed

Cycles 154 155 137 22
Density (106/ml SD) 25.6 ± 36 21.1 ± 27 0.4 ± 1 0.2 ± 0.3
Motility(% ± SD) 18.4 ± 16* 3.0 ± 7* 7.6 ± 13 1.8 ± 6
Morphology (% ± SD) 2.1 ± 3 1.4 ± 2 0 0
Fertilization(%) 1,220/1,656 (73.7) 1,015/1,386 (73.2) 824/1,276 (64.6) 104/167 (62.3)
Clinical pregnancies (%) 103 (66.9)† 73 (47.l)† 69 (50.4) 8 (36.4)

*Student’s t-test, two independent samples; effect of cryopreservation on epididymal spermatozoa, P < 0.0001.
†c2, 2 × 2, 1 df; effect of cryopreservation on clinical pregnancy rate, P < 0.001.
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minor (Table 5.7). As indicated, 22 (55.0%) of the malformations occurred in the
multifetal gestations.

No differences were found in the miscarriage rate nor in the frequency of congenital
malformations as a function of sperm maturity. For example, in cases involving testicu-
lar spermatozoa, 98 of 157 patients presented a positive hCG titer, with 7 pregnancies
being subsequently aborted. One such baby exhibited a ventricular septal defect. In at-
tempt to discover any relationship between congenital abnormalities and poor sperm
quality, couples were divided into three groups: (1) cryptozoospermic (i.e., sperm present
only after processing); (2) oligozoospermic (≤ 1 × 106 spermatozoa in the ejaculate);
and (3) no morphologically normal spermatozoa. Our evidence provides no correlation
between congenital anomalies and any abnormal semen parameter (data not shown). In
fact, there were no statistical differences in the frequency of congenital malformations
between couples considered in these three groups and the remaining couples with less
severely compromised semen.

4. CONCERNS ABOUT ICSI

A concern in considering the use of suboptimal spermatozoa for ICSI is the potential
for transmitting the genetic abnormalities responsible for male infertility (4, 5, 7, 10,
29, 36–41). Despite this, ICSI is accepted as the only therapeutic option for patients
with congenital absence of the vas deferens, associated with a gene deletion labeling
these individuals as carriers of cystic fibrosis (42, 43). Similarly, infertile patients with
Kartagener’s syndrome or other ciliary dyskinesia that renders spermatozoa immotile
may transmit this condition to their offspring. In these cases, genetic screening and patient
counseling is crucial, and preimplantation genetic testing as well as prenatal evaluation
should be considered.

Liebaers et al. (44) reported only 1% of sex chromosomal anomalies after ICSI, and
in our ICSI program (n = 2190) there was a 1.8% incidence of congenital abnormalities
compared to 3.0% in babies born as a result of standard IVF and compared to 3.6% in

Table 5.4. Pregnancy Outcome of 3,573 ICSI Cycles

No. No. of Negative Outcomes

ICSI cycles 3,828 —
Embryo transfer 3,650 —
Positive hCG* test results 2,154 (56.3%) 301 biochemical pregnancies; 129 blighted ova
Positive fetal heartbeats 1,724 (45.0%) 192 miscarriages and therapeutic abortions;

15 ectopic pregnancies
Deliveries and ongoing 1,517 (39.6%) —
pregnancies

*hCG indicates human chorionic gonadotropin.

Table 5.5. In Vivo Evolution and Pregnancy Outcome of Embryos Generated by ICSI

No. No. of Complications in Pregnancy Evolution

Embryos replaced 12,176 —
Embryonic sacs implanted 3,116 (25.6%) 144 anembryonic sacs
Implanted embryos displaying a 2,786 (22.9%) 150 vanishing; 15 ectopics; 199 miscarriages; 100

fetal heartbeat selective reductions; 30 therapeutic abortions
Remaining fetal heartbeats at 2,230 (18.3%) 23 fetal demises

20 wks gestation
Live offspring delivered 2,207 (18.1%) 17 neonatal mortalities
Surviving offspring 2,190 (18.0%) —

*Percentages indicate proportion of embryos.
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the general population (45). Thus, our data agree with conclusions from other programs
(46–48) that the incidence of fetal abnormalities after ICSI is no higher than that after
natural conception and standard IVF, despite the fact that it often involves suboptimal
spermatozoa (39). As already mentioned, there is, of course, a reason to be concerned
that the problems that necessitated recourse to ICSI in some cases (e.g., astheno-, oligo-,
and azoospermia) could emerge in the male children (49, 50).

Finally, more needs to be known about the ongoing development of children con-
ceived by ICSI, who are being studied to assess both their physical and psychological
progress. Bowen et al. (51) have reported that although most children conceived by ICSI
are normal, there may be a small delay in development of ICSI children at 1 year com-
pared to those conceived by routine IVF or naturally. However, neither ICSI (n = 201)
nor IVF (n = 131) children had any slower mental development than 1283 Dutch chil-
dren of the same age conceived naturally, nor did they have a slower mental develop-
ment than the general population (52, 53). However, larger studies need to be conducted
to be able to draw definitive conclusions.

5. FUTURE DEVELOPMENTS

5.1 Sex Preselection and Prefertilization Genetics

Certain trends are now emerging in attempts to solve other infertility disorders in human
reproduction. Many are linked to genetic issues such as complete spermatogenetic ar-
rest and oocyte aging, while others relate to sex-linked diseases.

Table 5.6. Incidence of Congenital Abnormality in Relation
to the Insemination Technique

ICSI IVF

Cycles 3,828 3,399
Offspring delivered 2,190 1,865
Newborns with major malformations 23 (1.0%) 30 (1.6%)
Newborns with minor malformations 17 (0.8%) 24 (1.3%)
Total malformations 40 (1.8)* 54 (2.9)*

*c2 , 2 × 2, 1 df; Difference in congenital malformations between ICSI and IVF,
P < 0.05.

Table 5.7. Relationship of Congenital Malformation
or Chromosomal Defect with Pregnancy Order

Gestation Type

Category/Abnormality Singleton Multiple*

Major
Cardiovascular 2 2
Chromosomal 3 2
Facial 0 1
Gastrointestinal 4 3
Neurological 1 4
Urological 0 1

Minor
Cardiovascular 0 1
Neurological 1 0
Skeletal 1 3
Urogenital 6 5

*Multiple gestations: 13 twins, 8 triplets.
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In humans, there are at least 6000 heritable defects, of which about 370 are known to
be X-linked. Because X-linked diseases are generally expressed by the male child of
carrier mothers, controlling the gender of the offspring would obviously prevent this
class of disease. Preimplantation genetic diagnosis already provides a partial solution
to the problem, allowing the transfer of healthy embryos of a selected sex, and so far
represents the only alternative to prenatal diagnosis and therapeutic abortion.

Identification of the spermatozoon’s gender (X or Y) would provide a less invasive
approach in the prevention of sex-linked diseases. Currently, 50% of all embryos under-
going preimplantation gender assessment in relation to sex-linked diseases must be dis-
carded because they are or may be affected. Such wastage could be eliminated by
fertilization with an X or a Y spermatozoon, as desired. Such separation techniques have
been the subject of active research and of controversy (54–56). Several techniques re-
lying on physical or immunological differences between X- and Y-chromosome-bearing
spermatozoa have been devised (e.g., serum albumin gradients, discontinuous density
gradients, sperm surface antigen, and flow cytometry). The developmental history and
applications of these approaches have been extensively reviewed (57). Thus far, none
of these methods has achieved a complement of 100% of X- or Y-bearing spermatozoa,
and concerns regarding the safety of these methods still exist.

The only validated technology is based on the well-known difference in the DNA
present in X and Y sperm in humans, representing a difference in mass of 2.8%. This
incorporates modified flow cytometry to sort X- and Y-bearing sperm, and published
results clearly prove the effectiveness and efficiency of the current sexing process in a
broad range of applications (58–60). Resulting populations of X or Y sperm are gener-
ally used in conjunction with IVF or intrauterine insemination. Improvements in the
production rate of sexed sperm, high-speed sorting is one of the newer technological
advances to increase sorted sperm throughput. Initially this approach allowed the sort-
ing of 350,000 sperm/h, but now 6 × 106 of each sex/h are sorted, under routine condi-
tions. Sorting only the X population results in about 18 × 106 sperm/h. Improvements in
the technology will no doubt lead to much greater usage of sexed sperm, depending on
the species involved.

Based on his finding that the X chromosome of most mammals carries more DNA
than the Y chromosome, Morruzi (61) was the first to suggest that this might provide
the basis for separating X- and Y-chromosome-bearing sperm. While the autosomes have
an essentially identical DNA content, the Y chromosome carries less DNA than the larger
X chromosome. Taking advantage of this real difference for purposes of X- and Y-bearing
sperm separation has only been possible since the advent of flow cytometry. The first
attempts using DNA and flow cytometric analysis did not succeed (62). However, with
the combination of improved staining methods and a realization that aspherical cells
such as sperm must be orientated to the excitation source, the relative DNA difference
could be measured (63). Sorting sperm into separate and nearly pure X and Y popula-
tions based on the DNA difference was first accomplished with the modified flow
cytometry/cell sorter instrumentation (64, 65). However, the sperm discussed in these
reports were dead because they had been sonicated to remove the tails (versus intact
motile sperm).

Improved cellular staining and the utilization of vital fluorochromes to label the DNA
of living sperm led to the sorting of X- and Y-chromosome-bearing sperm for the pro-
duction of offspring of predetermined sex (65, 66). The sorting of sperm into separate
populations of X and Y based on DNA requires a flow cytometer/cell sorter with a
modified configuration. The newer generation of high-speed cell sorters have become
available over the past 4 years and operate at sample pressures that range from 0.84 kg/
cm2 to 4.22 kg/cm2. At the present time, this sorting system modified for sperm can
produce 6 × 106 X sperm and 6 × 106 Y sperm/h.

An improved orienting system (nozzle) was first fitted to the standard speed sorter.
This improvement in orientation on the modified cell sorter through replacement of the
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beveled needle system with an orienting nozzle was reported by Rens et al. (67). This
modification has increased the percentage of sperm oriented from 25% to 70%. The
modified flow cytometer and cell sorter is essential for attaining separate populations
of viable X and Y sperm on a repeatable basis (66). Detection of the small differences
in the amount of DNA between the X and Y sperm can be achieved with virtually all
commercial cell sorters that have been manufactured in the past 25 years if they have
the basic modifications for sperm (68).

The most critical aspect of the preparation for sperm sexing is the insult imposed on
the sperm, which is reflected in their fertilizing capacity (58,66). Examples of such
potential insults are the addition of stain, rewarming of the stained sperm, subjecting
the sperm to pressure changes in the sorting system, and, finally, centrifugation. Using
high-speed sorting, an aliquot of 1 ml containing 150 × 106 sperm or 10 times the amount
with the standard-speed sorter is mixed with the same volume of Hoechst 33342
(bisbenzimide; Calbiochem-Behring, La Jolla, CA), added at the rate of 8 ml/ml. The
suspension is then incubated at 35°C for approximately 1 h to allow a uniform penetra-
tion of the stain, which is essential to minimize stain variation and helps reduce the
coefficient of variation of the sperm separation.

The need to maintain sperm viability throughout the sorting process is critical. Once
the fluorescently stained sperm pass into the flow cell, the stream is surrounded by a
sheath fluid of PBS containing 0.1% BSA. This contributes to an increasing dilution
effect, and the BSA helps minimize agglutination of the sperm.

The process described above is most effective for sperm used for insemination, but
for sperm used with IVF to produce sexed embryos, the yolk in the TEST-yolk can be
reduced to less than 5% so as not to interfere with fertilization. A concentration of 2%
yolk is appropriate as an environment for sorted sperm used for IVF (69).

In some species where the DNA difference between X and Y sperm is greater than in
humans (e.g., Chinchilla langier), 100% purity in the sort may be feasible, with the
highest purities being attained when the DNA difference is greater than 3.5%, when
sperm are efficiently oriented to the laser beam, and when there is uniform staining.
Sorting human sperm presents more of a challenge because the differences in DNA mass
between X and Y sperm is about 2.8%. However, the percentages of purity can range
routinely from 75% Y to 90% X for sorted human sperm (70, 71). However, in some
samples the proportion of dead sperm and those of abnormal morphology may impact
the sorting process.

With regard to the procedure, at some point during or immediately after the comple-
tion of a sort to be used for insemination or IVF, a presiliconized and/or BSA presoaked
tube is placed in position to receive the sample—generally some 100,000 sperm per tube.
In the other method of determining the sperm sex ratio, FISH, the fluorescent signals
indicate the proportion of Y-chromosome-bearing sperm carrying the Y microsatellite
DNA probe. PCR also has been useful in determining the proportions of X and Y sperm
in a sorted sample. Sort reanalysis for DNA has an advantage, however, because PCR
may take from 3 to 4 h, as may FISH (71), whereas sort reanalysis can be done in
30 min (72). This is important because the sexed sperm should be used for IVF insemi-
nation soon after sorting for maximal fertility. And in that regard, high-speed cell sort-
ing is a significant technological improvement over standard speed cell sorters.

A method able to separate X and Y sperm on a large scale, at least on a scale that
could be applied to semen production practice at an assisted reproductive technology
center, would be one based on the hypothesis that sex-specific proteins are more highly
conserved than non–sex-specific proteins. The approach most often considered in this
context is that of isolating a protein from the sperm surface of the X- or Y-bearing sperm
and preparing an antibody to that protein. The assumption is that affinity chromatogra-
phy or a magnetic bead technique for separation of the antibody-labeled population would
be adaptable for use in assisted reproduction. Approximately 1000 proteins have been
mapped on the sperm surface. However, no difference could be detected between pro-
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teins present on X and Y sperm, respectively suggesting that sex-specific surface pro-
teins are not expressed (73–75).

The current technology for sorting sperm by flow cytometric sorting into X and Y
populations at 90% purity of X or Y sperm is adaptable to virtually all mammalian spe-
cies including humans. Currently, sperm sorting by this basic method is also being con-
ducted in human clinical trials under the trademark MicroSort (76). At the time of this
writing, the flow cytometric sorting method of Johnson et al. (66) modified for high-
speed sorting with an orienting nozzle (59) provides the only fully validated means of
preselecting the sex of spermatozoon and thus of mammalian offspring.

5.2 Transplantation of Spermatogonia

In the female, a finite number of primary oocytes are present at birth, and this pool pro-
gressively dwindles during the lifetime. Thus, stem cell spermatogonia are the only self-
renewing cell type in the adult capable of providing a genetic contribution to the next
generation (77).

Spermatogonia exist in three states: stem cell, proliferative, and differentiating sper-
matogonia (78). The first two are frequently designated as undifferentiated spermatogo-
nia, and the stem cell spermatogonium is most resistant to a variety of insults, often
surviving where other germ cells are destroyed. The less frequent division of this stem
cell population is believed to be one reason for their relative ability to survive (78, 79).
Although it is difficult to be certain about which of the spermatogonia are capable of
self-renewal, both stem cell and proliferative spermatogonia appear poised for further
differentiation (78–81).

In 1994, Brinster and Zimmermann (77) reported that spermatogonial stem cells iso-
lated from normal male mice repopulated sterile testes when injected directly into se-
miniferous tubules, later showed normal morphological characteristics, and ultimately
differentiated into normal spermatozoa. In 1996, Clouthier et al. (82) examined the fea-
sibility of transplanting spermatogonia from other species to the mouse. Marked tes-
ticular cells from transgenic rats were transplanted to the testes of 10 immunodeficient
mice, and rat spermatogenesis occurred in all of them. Among epididymides of eight
mice, the three belonging to those with the longest transplants (> 110 days) contained
morphological rat spermatozoa (82). The success of rat spermatogenesis in mouse tes-
tes would appear to open the possibility of xenogeneic spermatogenesis for other spe-
cies combinations.

With this in mind, we have transplanted germ cells from azoospermic men to the
testes of mutant aspermatogenic (W/Wv) and severe combined immunodeficient mice
(SCID) (83). Spermatogenic cells were obtained from testicular biopsy specimens from
24 men (average age of 34.3 ± 9 years) with obstructive (n = 16; OA) and nonobstructive
(n = 8; NOA) azoospermia by first digesting testis biopsies with collagenase to promote
separation of individual cells. The concentration of spermatogenic cells in the OA group
was 6.6 × 106 cells/ml and 1.3 × 106 cells/ml in the NOA group (P < .01). The germ
cells were injected into mouse seminiferous tubules using a microneedle (40 mm inner
diameter) on a 10-ml syringe, with trypan blue used as an indicator of the accuracy of
this transfer. Mice were maintained from 50 to 150 days to allow time for germ cell
colonization and development before sacrifice. Testes were then fixed for histological
evaluation, and approximately 100 tubule cross-sections were examined for human
spermatogenic cells.

The different spermatogenic cell types were distributed equally in the OA samples,
ranging from spermatogonia to fully developed spermatozoa, but in the NOA group the
majority of cells were spermatogonia and spermatocytes. A total of 23 testes from 14
W/Wv mice and 24 testes from 12 SCID mice were injected successfully, as judged by
the presence of spermatogenic cells in histological sections of testes removed immedi-
ately after the injection (Figures 5.5–5.7). However, sections from the remaining testes
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examined up to 150 days after injection showed tubules lined only with Sertoli cells
with no xenogeneic germ cells surviving. The reason the two recipient mouse strains
did not allow the implantation of human germ cells was probably due to signaling mole-
cule divergence between primates and rodents that occurred more than 100 million years
ago (84).

5.3 Nuclear Transplantation into Immature Oocytes

In some cases of infertility, a limiting step for the assisted reproductive technologies
(ARTs) is the availability of normal oocytes, and this has stimulated research into
cryopreservation of oocytes at different maturational stages and freezing of the ovarian
cortex for young women undergoing chemotherapy and/or radiotherapy (85).

One problematic cause of infertility is reflected in the higher incidence of oocyte aneu-
ploidy in older women. Independently of the initial indication or the ART technique used
to solve it, the pregnancy rate follows a downward slope with advancing maternal age
starting at 35 years (86). Although such patients can only be treated by oocyte donation at
the present time, more and more women are becoming interested in bearing their own

Figure 5.5. Section of seminiferous tubules displaying complete spermatogenesis (200×). Sperm
flagella are protruding into the tubular cavity.

Figure 5.6. Seminiferous tubules of SCID mouse after busulfan treatment (chemical steriliza-
tion) (400×). The spermatogenic cells are absent, and only Sertoli cells are lining the inner sur-
face of the tubular wall.
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genetic offspring. Recently, therefore, transfer of nuclei from “old” oocytes into “young”
ooplasm has been proposed as a way of ameliorating the effects of age on oocytes.

In regard to nuclear transplantation, there is a concern related to the introduction of
foreign mitochondrial DNA, which creates heteroplasmy. This has stimulated investi-
gation as to how mitochondria are distributed in oocytes of different maturational stages,
in isolated karyoplasts/cytoplasts, and in reconstituted oocytes after nuclear transplan-
tation. Finally, the importance of understanding the role of the mitochondrial genome
in early embryonic development has become undeniable.

Overall, the various aspects of this work have aimed to clarify the realistic place of
nuclear transplantation among the tools becoming available to ARTs, to identify the
most efficient nuclear transplantation and electrofusion procedures, and to explore
the possibility of “manufacturing” viable oocytes. Finally, we have sought to clarify
the impact of the mitochondrial genome in the early development of embryos coming
from oocytes generated by nuclear transplantation procedures.

5.3.1 Implications of Nuclear Transplantation

In a large majority of infertile couples, oocyte abnormalities may be metabolically or
genetically based, the former sometimes being a consequence of the latter (87). Some
infertile couples consistently produce morphologically abnormal embryos that suppos-
edly arise from oocytes with metabolic defects, some of which may be treated by trans-
ferring ooplasm aspirated from a fertile donor oocyte (17).

In contrast, some genetically abnormal oocytes can develop into embryos of normal
appearance that would be considered suitable for uterine transfer (88). However, the
large majority of chromosomally abnormal embryos probably do not implant, and even
when they do, the fetus generally does not survive to term. The decline in the ability to
conceive with maternal age (86) appears to be primarily related to an increased inci-
dence in oocyte aneuploidy (89). In accordance with this, 37.2% of morphologically
normal eight-cell embryos in the 40–45 maternal age group were found to express chro-
mosomal aberrations (88). The risk of conceiving an aneuploid fetus has been reported
to increase from 6.8% for women 35–39 years old to about 50% in women 45 years or
older (90). Nevertheless, much older women have become pregnant after replacement
of embryos derived from young donor oocytes.

The abnormalities of oocytes’ chromosomes associated with aging are due primar-
ily to non-disjunction of bivalent chromosomes during meiosis I (89). Aging of its
organelles has an effect on the meiotic spindle’s ability to direct a balanced segregation

Figure 5.7. Busulfan-treated tubules immediately after human germ cell injection (200×). Sper-
matogenic cells are present in clumps in the tubular lumens.
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of the chromosomes (91, 92). Why aging affects this step adversely is still unknown,
but damage from free oxygen radicals (93, 94) and/or a compromised perifollicular
microcirculation may be responsible (95, 96).

Cytoplasmic transfusion into eggs or embryos of other mammals has been shown to
improve their developmental potential (97–100), and the transfer of cytoplasm from
fertile donor oocytes to putatively low-grade human oocytes has resulted in successful
pregnancy and delivery of a normal baby (17, 101). However, because this procedure
was performed on mature oocytes, it has no bearing on the prior events of meiosis I that
may lead to a chromosomal imbalance. The latter may be overcome only by substitut-
ing—by nuclear transplantation—the nucleus of a germinal vesicle (GV)-stage oocyte
to an enucleated immature oocyte from a younger woman (102).

5.3.2 Preliminary Results with Nuclear Transplantation

Mouse GV oocytes were retrieved by puncturing ovarian follicles of unstimulated
B6D2F1 females, and cumulus-free oocytes were cultured in medium (M199) supple-
mented with a phosphodiesterase inhibitor (0.2 mM 3-isobutyl-1-methylxanthine; Sigma)
to prevent spontaneous GV breakdown.

All the micromanipulation and electrofusion procedures were performed in a shallow
plastic Petri dish on a heated stage, placed on an inverted microscope equipped with hy-
draulic micromanipulators (103). The zona pellucida was breached by a glass microneedle,
then oocytes were exposed to 25 mg/ml of cytochalasin B. The GV surrounded by a small
amount of cytoplasm (GV karyoplast) was removed by a micropipette with a 20 mm inner
diameter. Next the GV karyoplast was inserted into the perivitelline space of a previously
enucleated oocyte (GV cytoplast). Each grafted oocyte was aligned with a micromanipu-
lator between two microelectrodes perpendicular to their axes. To induce fusion, a single
or double 1.0 kV/cm direct current fusion pulse was delivered for 100 ms in an electrolyte
medium (M2) by an Electro Cell Manipulator (BTX 200 and 2001, Genetronics, Inc., San
Diego, CA). Then, after washing and culture for 30 min in a cytochalasin B-free medium,
these oocytes were examined to confirm cell survival and fusion, cultured further, and
then examined at 12–16 h after the fusion treatment. Finally, their nuclear maturation was
evaluated, as evidenced by extrusion of the first polar body (PB).

For similar human studies, GV oocytes were obtained, as described earlier, from
consenting patients undergoing ICSI (4, 10, 29, 36). Immediately before ICSI, corona
cells were removed by enzymatic and mechanical treatments, and the denuded oocytes
were examined under an inverted microscope to assess their integrity and maturation
stages (4, 10, 29, 36). The nuclear transplantation procedure is shown in Figures 5.8–
5.11. The reconstituted immature oocytes were cultured and were examined at 24 and
48 h after electrofusion to evaluate nuclear maturation, characterized by disappearance
of the GV and extrusion of the first PB.

In the mouse, nuclear transplantation into GV-stage oocytes followed by extrusion
of a PB revealed an overall efficiency of 80%. Interestingly, this aggressive technique
appears not to increase the incidence of chromosomal abnormalities (103). Human oo-
cytes were reconstituted with an efficiency of 73%, with a lower maturation rate of 62%
following reconstitution, comparable to that of control human GV oocytes, as was the
20% incidence of aneuploidy among the constructed oocytes (104). Those reconstituted
human oocytes were successfully fertilized by ICSI at a rate of 52%, but although they
underwent early embryonic cleavage after ICSI, their survival rate and embryo quality
appeared suboptimal compared to control oocytes matured in vivo (105).

In a limited number of transfers of aged GV oocyte into a younger ooplast, there was
a normal haploidization during the first meiotic division accompanied by the extrusion
of the first PB. In other studies, lower maturation rates and impaired embryo develop-
ment have been the rule, probably attributable to the suboptimal in vitro culture condi-
tions currently available for human oocyte maturation (102–107).
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clei to metaphase II (108). Immature ooplasm is capable of inducing haploidization-like
reduction division of transplanted somatic cell nuclei (107, 109), and we have proposed
that the transfer of somatic nuclei to GV ooplasts and their ensuing haploidization may
provide a source of viable mammalian oocytes. If oocytes can indeed be reconstituted by
such techniques, this would greatly benefit patients who are candidates for oocyte donation.

To obtain somatic cell nuclei, endometrial stromal cells were collected from consent-
ing patients undergoing endometrial cell coculture during IVF. Endometrial stromal and
glandular cells were isolated by enzymatic digestion using 0.2% collagenase type II, sepa-
rated by differential sedimentation (110), and cultured in a long-term culture medium
supplemented with 10% FBS. In the case of the mouse, cumulus–oocyte complexes were
obtained from B6D2F1 mice after ovarian stimulation with PMSG and hCG, and cumulus
cells isolated by brief exposure to hyaluronidase were cultured for up to 30 days. GV
oocytes were retrieved from the same strain of mouse by puncturing follicles of un-
stimulated ovaries and were denuded by mechanical removal of cumulus cells.

All the micromanipulation and electrofusion procedures were carried out in a shal-
low plastic petri dish on a heated stage under an inverted microscope. A hole was made
in the zona pellucida of the GV oocyte with a glass needle, and after short exposure to
cytochalasin B, the GV surrounded by a small amount of ooplasm was removed with a
glass micropipette (103). Cultured human endometrial stromal and mouse cumulus cells

Figure 5.10. Cell alignment for electrofusion by microelectrodes under micromanipulator control
(200×).

Figure 5.11. Grafted oocyte 30 min after electrofusion (400×). Drifting of the transplanted
nucleus (arrows) into the host ooplasm.
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were isolated with trypsin-EDTA. Either a stromal or a cumulus cell was then inserted
subzonally into an enucleated mouse GV oocyte. Each grafted oocyte was manually
aligned between two microelectrodes, and cell fusion was induced by applying direct
current. The resulting reconstituted oocytes were allowed to mature for 14–16 h until
extrusion of the first PB (103). The distribution of nuclear chromatin between the oo-
plasm and the PB was evaluated by specific DNA staining. For this, some mature oo-
cytes were stained with DAPI solution and evaluated under a fluorescent microscope,
while others were anchored between a microslide and coverslip, fixed with methanol/
acetic acid (3:1; v/v), and stained with 1% aceto-orcein solution.

A total of 45 GV oocytes were enucleated, then fused with somatic cells. Staining
showed the presence of metaphase chromosomes in the ooplasm and in the PB. The over-
all efficiency of the sequence from an intact GV oocyte to a reconstituted oocyte with an
extruded PB was 60.0% for human endometrial cells and 42.8% for mouse cumulus cells.
A longer period of in vitro culture did not induce any additional PB extrusions.

Other studies were performed to evaluate the karyotypes of reconstituted mature
oocytes. Among a total of 78 intact GV oocytes, 77 were successfully enucleated and
grafted with a single cumulus cell, 56 being reconstituted finally by electrofusion. Sub-
sequently, 29 extruded the first PB during the 14–16 h of culture. Of the 13 oocytes that
matured successfully and whose karyotypes were analyzable, 5 had 20 chromosomes,
5 were aneuploid, and 3 were diploid.

The observation that immature mouse ooplasts can accomplish haploidization of
human or murine somatic cell nuclei suggests that this approach may provide an alter-
native source of viable human oocytes. However, more detailed cytogenetic informa-
tion is needed, and the presence of the somatic cell centrosome in these manufactured
oocytes means that the fertilization process and later embryo cleavage must be care-
fully investigated. It also remains to be established that genetic imprinting of the oocyte
reconstructed from a cultured somatic cell is comparable to that in natural haploid.

Although this approach to haploidization of somatic cell nuclei may at first bring
cloning to mind, the resulting haploid oocytes obviously still need the contribution of
the paternal genome for further development. Nonetheless, these preliminary findings
suggest that nuclear transplantation may provide a means of manufacturing viable oo-
cytes from defective oocytes.

6. SUMMARY

ICSI is by far the most effective of the techniques designed to overcome an inability of
spermatozoa to fertilize. It leads to high rates of fertilization and pregnancy despite very
low sperm numbers or extreme defects of sperm motility and morphology. The only
requirement is that spermatozoa should be viable, as reflected often in some form of tail
beat (though the spermatozoon should be immotile when injected). Because of its na-
ture, the technique has raised some justifiable concerns, but babies born as a consequence
of ICSI have a neonatal malformation rate no different from babies resulting from stan-
dard IVF (39, 46) and even from natural conception. Because it permits high rates of
fertilization and pregnancy and is apparently safe, ICSI is being used increasingly for
non–male-factor situations where any aspect of gamete function is in doubt. Because
ICSI may allow procreation by subfertile men, including some with no spermatogen-
esis (where immature germ cells are used), the genetic abnormalities at the root of these
problems can be transmitted to and be reflected postpubertally in some male babies.
Therefore, it is important that couples treated by ICSI are subjected to karyotype screen-
ing and, when oligo- or azoospermic, are tested for cystic fibrosis carrier status or dele-
tions present in the Y chromosome (14).

The positive outcome of ICSI is largely independent of the motility, morphology,
and concentration of the sperm sample, even in couples where these characteristics are
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severely impaired, and even when no spermatozoa are present in the initial ejaculate
(111, 112). Its successful use with surgically retrieved spermatozoa proves that ICSI is
able to achieve fertilization regardless of the maturation status of the gametes. It also
allows a bypass of the steps in spermiogenesis and epididymal sperm maturation, of the
acrosome reaction, of binding to the zona pellucida and fusion with the oolemma. Our
experience suggests that the evolution of pregnancies and the occurrence of congenital
malformations after treatment by ICSI are similar to the outcome in other assisted re-
production procedures. As reported in several studies (39, 46–48, 52, 113–115), the out-
come for these offspring is in the normal range, and any congenital anomalies seen thus
far seem to be nongenetic in nature and are not clearly linked to sperm defects as cur-
rently classified. However, because subfertile men do have a higher frequency of chro-
mosomal abnormalities (39, 44, 116), the earlier concerns generated by the nature of
ICSI procedure have shifted to the possible transmission to male offspring of the ge-
netic defects causing a man’s infertility. Thus, genetic screening, including preimplan-
tation and prenatal diagnosis, as well as genetic counseling should be offered to these
patients, particularly those undergoing ICSI with immature gametes. Careful monitor-
ing of the technique together with continued, meticulous obstetric and pediatric follow-
up will certainly help to alleviate any concerns (52, 117).

Although great progress has been made in treatment of infertility with ICSI and other
techniques, a considerable number of patients still fail to conceive and spermatogenic
failure and oocyte aging appears to be responsible in a large proportion of such cases.
In some instances, donor gametes can be used, but where not, emerging reproductive
technology and preliminary experimental results provide some hope for alternative
sources of gametes through which these infertile patients can finally conceive their own
genetic child. In conjunction with ICSI, fertilization of human oocytes with immature
sperm precursors such as spermatids and even secondary spermatocytes occasionally
has resulted in healthy babies. In view of the possibility for transplantation and even
xenotransplantation of spermatogonia to a mouse testis, human male stem cells treated
similarly might provide an attractive source in, for example, the treatment of maturation-
arrested male germ cells and male cancer patients. Finally, current efforts aimed at re-
finement of techniques for transplantation of somatic cell nuclei and their haploidization
within oocytes may prove to be a practical way of eradicating age-related aneuploidy
and so constitute a novel source of healthy oocytes.
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1. PREIMPLANTATION GENETIC DIAGNOSIS

IVF and the biopsy of polar bodies from oocytes, blastomeres from cleavage-stage
embryos, or trophectoderm cells from blastocysts followed by single cell diagnosis has
enabled us to help couples who are at risk of transmitting inherited diseases to their
children and to improve pregnancy rates for certain groups of IVF patients. These pro-
cedures are used in a technique called preimplantation genetic diagnosis (PGD) (1). PGD
was developed in 1990 to offer an alternative treatment for couples at risk of transmit-
ting an inherited disease to their offspring. The main option for such couples is to be-
come pregnant naturally and undergo prenatal diagnosis between 12 and 16 weeks of
pregnancy (either by chorionic villus sampling or amniocentesis). The main drawback
of prenatal diagnosis is that if the fetus is affected by the disease, the couple have to
decide whether to continue the pregnancy or terminate the pregnancy. This is obviously
not an ideal option for any couple trying to have a healthy family. With PGD, the couples
go through IVF so that embryos are generated in vitro, and one or two cells are removed
and used for the genetic diagnosis. Only unaffected embryos are transferred, so that the
pregnancy is started with an unaffected fetus. The embryo biopsy is relatively easy to
perform for an experienced embryologist. However, the single cell diagnosis is a highly
specialized technique and is technically challenging, even for experienced molecular
or cytogenetic biologists.

The patients that opt for PGD may be fertile. They are known to be at risk of a par-
ticular genetic disorder, either due to already having an affected child or because other
family members are affected. In the case of patients carrying chromosome abnormali-
ties, these couples often experience repeated miscarriages due to unbalanced chromo-
somes in the embryo and fetus, which most often are lethal. Couples may have already
undergone prenatal diagnosis and repeated termination of pregnancies. They may have
moral or religious objections to termination, or they may be infertile and also be carry-
ing a genetic disease (which may or may not cause their infertility), so PGD is a sen-
sible step to add to their fertility treatment (2, 3).
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1.1 Embryo Biopsy

Theoretically, there are three stages at which cells can be removed from an embryo for
PGD. The first is removal of the first and second polar bodies. Originally this involved
removal of just the first polar body from the oocyte and was therefore called precon-
ception diagnosis (4). However, for the diagnosis to be accurate, the second polar body
is also required, and this is not extruded until fertilization. Therefore, the second polar
body is removed from the zygote, after conception. It has also been proposed to remove
10–20 trophectoderm cells from the blastocyst (5, 6). This technique will give a large
number of cells, but it has many drawbacks. The main biopsy method used for PGD is
removal of 1–2 blastomeres from the cleavage-stage embryo on day 3 of development,
when the embryo should be at the 6- to 10-cell stage (7). A full description of these
techniques and the advantages and disadvantages are presented in sections 1.2 and 1.3.

1.2 Single Cell Diagnosis

Two techniques are used for single cell diagnosis in PGD. PCR is used for the diagnosis
of single gene defects, including specific diagnosis of X-linked disease, autosomal re-
cessive and dominant disorders, and the triplet repeat diseases (8). FISH is used to ex-
amine chromosomes and so is used for sexing embryos for X-linked disease (9, 10) and
for chromosome analysis, in the case of translocations, insertions, and so on (11–13).
More recently, FISH has also been used to check for the chromosomes commonly in-
volved in aneuploidy (chromosomes 13, 18, 21, X and Y) in embryos from patients
undergoing routine IVF procedures as a method to improve IVF pregnancy rates (14).

1.3 Polymerase Chain Reaction

In PCR, a specific fragment of DNA is amplified thousands of times. This is achieved
by using specific primers that are usually designed to amplify the area of DNA contain-
ing the mutation. Once the DNA is amplified, a number of techniques can be used to
analyze the DNA fragments (8). The original method used was heteroduplex analysis
(15), but more recently techniques such as single-stranded conformational polymorphism
(SSCP), restriction enzyme digestion, and fluorescent PCR have been used (8). For most
single-gene defects, there are hot spots of mutation. For example, the most common
cystic fibrosis mutation in the Caucasian population is deltaF508, a three basepair dele-
tion. However, there are more than 700 other cystic fibrosis mutations reported. There-
fore, a different set of PCR primers may be needed for each different mutation.

To add to the difficulty in amplifying DNA from single cells, PCR for PGD is compli-
cated by contamination and a phenomenon known as allele dropout (ADO) or preferen-
tial amplification (8). Contamination can occur in any PCR reaction, not just in single cell
PCR. However, it is more important in single cell PCR because it may lead to a misdiag-
nosis. Contamination may be caused by cumulus cells or sperm attached to the zona pel-
lucida, which may become dislodged during the embryo biopsy procedure. Therefore it is
essential to remove all cumulus cells before the biopsy and to use ICSI for fertilization to
ensure there are no sperm embedded in the zona. Contamination can also be caused by
DNA in the atmosphere or from cells from laboratory staff. A number of PGD misdiag-
nosis have been reported, and in most cases this was probably caused by contamination
(1). Therefore, polymorphic markers can be used to determine if the DNA being ampli-
fied is from the parents (16, 17). A similar method is used in forensics for DNA finger-
printing. For the markers to be informative, they need to show a different pattern at both
alleles for both the mother and the father, so that the alleles that the embryo has inherited
can be easily identified. Because the mutation analysis is also required, a multiplex PCR
is performed. Fluorescent PCR has been used for such analysis (16).
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ADO or preferential amplification is where one of the alleles does not amplify dur-
ing the PCR reaction. For example, if DNA from a carrier was examined, two DNA
fragments should be produced: one with the normal gene and one carrying the muta-
tion. In ADO, only the normal or mutated gene is seen instead of both. ADO must there-
fore be kept to a minimum in any PCR PGD, but is especially important for dominant
disorders (where the affected embryo will carry one normal and one abnormal gene)
and recessive disorders where the couple carry different mutations and only one muta-
tion is being examined.

1.4 Fluorescent in Situ Hybridization

FISH has been used to examine chromosomes and is often used to complement cytoge-
netic techniques such as karyotyping. Because it is very difficult to obtain metaphase
chromosomes from embryos that could be used for karyotyping, interphase FISH has
been the method of choice for examining chromosomes for PGD. Two types of FISH
probes can be used in interphase FISH: repeat sequence probes, which often bind to
the centromere or alpha satellite regions of chromosomes, and, more recently, locus-
specific probes, which bind to a specific sequence of a chromosome. FISH probes are
labeled with fluorochromes and hybridize to their specific chromosome. When exam-
ined with a fluorescence microscope, dots of fluorescence can be seen where the probes
have bound to their complementary sequence. Since 1991, FISH has been used to sex
embryos for patients at risk of X-linked disease (9), originally just using repeat probes
for the X and Y chromosomes. More recently, three-color FISH has been used for em-
bryo sexing, usually with the addition of a repeat probe for a chromosome (10, 18). Ide-
ally the extra probe should be for chromosome 21 to reduce the risk of Down’s syndrome,
but the repeat probes for the acrocentric chromosomes (chromosomes 13, 14, 15, 21,
22) cross-hybridize and are not efficient. Therefore, locus-specific probes have to be
used to examine these chromosomes (11, 13, 19, 20).

For patients carrying chromosome abnormalities, such as Robertsonian or recipro-
cal translocations, locus specific or repeat sequence probes are used for the chromo-
somes in question (11, 13, 19, 20). For Robertsonian translocations, which involve the
joining of two acrocentric chromosomes, locus-specific probes are used. Only one probe
is needed for each chromosome involved in the translocation, but two different probes
could be used for the most important chromosome to ensure against hybridization fail-
ure of one of the probes. However, for reciprocal translocations, any chromosomes
can be involved and any break points. Therefore, each translocation is usually unique
to that family. In some cases, commercial probes may not be available, which would
make PGD difficult to develop. PGD for inversions (20), gonadal mosaicism (19),
and Klinefelter’s syndrome (21) have been reported.

In recent years, several groups have reported the use of embryo biopsy and FISH to
examine oocytes or embryos from couples undergoing IVF, with the view of trying to
improve the chance of pregnancy. For older patients undergoing IVF, one group has
used polar body analysis (22), and the other group has used cleavage-stage biopsy (14).
This procedure may also be useful for patients experiencing recurrent miscarriages, even
though their chromosomes are normal (23).

Through research into early development using FISH, it has been found that chro-
mosomal mosaicism is high in human preimplantation embryos at cleavage (18, 24, 25)
and blastocyst stages (26, 27). The most common abnormality observed is tetraploid/
diploid mosaicism, which is probably due to errors in mitotic cell-cycle checkpoints
during early embryonic divisions. This mosaicism may not have a significant effect on
embryo development, but it can cause problems in PGD, as the cell removed may not
be representative of the rest of the embryo. This is most important in the PGD of chro-
mosome abnormalities, as chromosomally normal and abnormal cells have been seen
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in the same embryo (J. Harper, personal observation). Therefore, due to chromosomal
mosaicism, misdiagnosis of chromosome abnormalities can occur.

1.5 Future and Ethics

Immediate research in PGD is concerned with ensuring that the diagnosis is accurate.
For PCR accuracy can be improved by the use of informative markers (8, 17). In PCR
and FISH, methods are being developed to examine more than one gene or more than a
few chromosomes at one time. For PCR, this may involve the use of DNA chips or ar-
rays to allow examination of many genes and mutations simultaneously (1, 17). For FISH,
the most promising technique is comparative genomic hybridization (CGH). In this tech-
nique the blastomere DNA is labeled with a fluorescent dye (e.g., red), test DNA is la-
beled with a different color (e.g., green), and the two are cohybridized onto a control
metaphase spread. The chromosomes from at least six metaphase spreads are analyzed,
and the ratio of red to green is analyzed. If the blastomere has an extra chromosome,
that chromosome will appear more red in the metaphase. Conversely, if the blastomere
is lacking a chromosome, that chromosome will appear more green. However, for CGH
to work in a single blastomere, a whole genome amplification method, such as DOP
(degenerative oligonucleotide primer) PCR has to be used to obtain enough DNA (28).
CGH has recently been successfully applied to human blastomeres (29, 30). Besides
being technically challenging, the main limitation of CGH is the time required (currently
about 72 h). Until the procedure can be more reproducible and less time consuming,
this technique will not be suitable for PGD.

In most countries, PGD is being used for the diagnosis of serious genetic or chromo-
somal diseases or for the diagnosis of aneuploidy in older IVF patients to increase the
pregnancy rates. However, the use of PGD for sex selection for social reasons has been
undertaken in Australia and Jordan. In Jordan, 250 cycles were undertaken, and in only
1 case did the couple wish to select for a girl. Another controversial use of PGD was
undertaken in 2000 in the United States. A family with a child affected with Fanconi’s
anemia wanted another child who would be unaffected with this disease but who could
also be HLA matched so the cord blood could be used to treat the first child. This use of
PGD has received a mixed response from the PGD community and the media. Most of
the concern is that in the future PGD may be used to select for characteristics besides
sex, such as hair color, height, and intelligence, and so design the perfect baby. This has
resulted in legislation regulating PGD in most countries (31).

1.6 PGD Consortium

The European Society of Human Reproduction and Embryology PGD Consortium was
set up in 1997 to

• Survey the availability of PGD for different conditions facilitating cross-referral
of patients

• Collect prospective and retrospective data on accuracy, reliability, and effective-
ness of PGD

• Initiate follow-up studies of pregnancies and children born
• Produce guidelines and recommended PGD protocols to promote best practice
• Formulate a consensus on the use of PGD.

The largest task of the consortium has been to collate, analyze, and publish data con-
cerning PGD. This has included referral, cycle, pregnancy, birth data, and details of
protocols. Two reports have been published (2, 3). The second data collection reported
on 1319 cycles of PGD and included clinics from Australia, Belgium, Denmark, France,
Greece, Italy, South Korea, Spain, Israel, The Netherlands, Sweden, the United King-
dom, and the United States. The biggest disappointment of this data collection was the
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low pregnancy rate (18% per oocyte retrieval). It is hoped that with the help of the con-
sortium, PGD will become a more reliable and accepted treatment for couples at risk of
transmitting an inherited disease to their offspring.

2. TECHNIQUES AND PRINCIPLES

PGD is based on the progress of IVF, micromanipulation and biopsy of gametes and
embryos, and on the progressive achievements in the genetic analysis of single cells.
Micromanipulation techniques have been widely used to biopsy mammalian embryos
to successfully remove genetic material and analyze it without affecting the viability of
the embryo (32). This technique was applied for the first time in humans in 1989 by
Handyside and colleagues for diagnosing X-linked diseases (15). In 1990 the first chil-
dren born as a result of biopsying human embryos showed no detectable birth defects,
which indicated that embryo biopsy was a safe and efficacious tool to use for PGD in
humans (15).

Embryo biopsy involves two main steps: zona puncture and removal of genetic
material. The two methods that are currently being used clinically to obtain genetic
material for PGD are: (1) biopsy of the first and second polar bodies from metaphase II
oocytes pre- and postfertilization (or simultaneously after fertilization) and (2) biopsy
of blastomeres from cleavage-stage embryos on day 3 postfertilization. Blastocyst bi-
opsy has also been proposed, but it has not been applied clinically to date.

2.1 Polar Body Biopsy

Genetic analysis of the first polar body was first reported by Verlinsky et al. (4) (Fig-
ure 6.1). The first and second polar bodies are a byproduct of meiosis and are not re-
quired for normal embryonic development. Hence their removal to determine the genetic
status of the oocyte/zygote may not pose any deleterious risk on the developing embryo
(33). This technique has been used for diagnosing age-related aneuploidy (34–36), trans-
locations (37), and single-gene defects (38, 39). Polar body biopsy can be performed
sequentially (40) or simultaneously in one manipulation (22, 35). Sequential biopsy may
be advantageous as the first polar body degenerates.

Polar body biopsy does pose certain problems that are not encountered with cleavage-
stage embryo biopsy. Two of the groups using polar body biopsy have used mechanical
means of opening the zona pellucida (partial zona dissection) because it has been shown
that further embryonic development is hindered in oocytes subjected to acid tyrodes
(41). This could be due to the direct effect of the acid to the oocyte as a result of lower-
ing the pH during exposure. The use of a 1.48-mm laser to ablate the zona in mice zy-
gotes has been reported to facilitate polar body biopsy (42).

2.1.1 Advantages and Disadvantages of Polar Body Biopsy

The advantages of polar body biopsy are that, first, it is ethically more acceptable to
certain countries (e.g., Malta and Germany) where research and discarding embryos is
prohibited. Second, the first and second polar bodies may not be required for further
embryonic development and hence the viability of the oocytes and resulting embryos
may be equally maintained.

One disadvantage of polar body biopsy is that it can only be applied to diagnose
maternally inherited diseases. Recombination and post zygotic events leading to chro-
mosomal abnormalities cannot be detected by this method. Diseases that are detected
by assessing changes in gene product are also impossible, as well as gender determina-
tion (sexing).
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Figure 6.1. Polar body biopsy. (a) A hole is made in the zona pellucida using a laser; (b) the
aspiration pipette is placed near the hole; (c) the polar body is aspirated; (d) polar body and
biopsied oocyte.
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Another disadvantage is that the oocyte/zygote is subjected to two manipulations in
cases of sequential biopsy of the first and second polar body rather than to a single
manipulation at the cleavage stage. In addition, ICSI has to be carried out in between
regardless of the type of diagnosis, as insemination by IVF could lead to polyspermy
and sperm contamination for PCR diagnosis. Cleavage-stage biopsy of embryos derived
from these manipulated zygotes has also been reported to confirm diagnosis (38). This
is highly labor intensive and can be detrimental to the embryo.

A third disadvantage is that, in cases where the first and second polar bodies are re-
moved at the same time in one manipulation, the first polar body degenerates between
the time of oocyte retrieval and biopsy following fertilization (34). This may lead to
failure of diagnosis in the first polar body due to fragmenting or degenerating DNA.
The biopsy of only the first polar body would lead to an overall lower reliability of di-
agnosis, as only one cell is available for analysis, in contrast to cleavage stages, where
up to two cells can be taken for independent testing. In addition, it is thought that the
risk of misdiagnosis is greater from polar bodies than from blastomeres (43). Finally,
sometimes the first polar body is not very well detached from the oolema, which can
lead to lysis during the biopsy procedure.

2.2 Cleavage-stage Biopsy

Biopsy of human embryos at early cleavage stages (two to four cells) has been thought
to be unsuitable for PGD because of the excessive reduction in cellular mass, leading to
a lower pregnancy rate (44, 45). This has been believed to be as a result of impaired
cellular differentiation of the inner cell mass (ICM) and trophectoderm (TE) cells in
blastocysts (46). The eight-cell stage has been suggested to be most suitable for biopsy
because of its higher mitotic index and totipotency (47). In addition, removal of up to
two cells from an eight-cell embryo does not have any detrimental effect on its metabo-
lism or on the ratio of ICM and TE cells in blastocysts derived from biopsied embryos
when compared with controls (48). Similarly, after cryopreservation of human embryos,
normal and healthy live births have been reported from embryos that had only 50% of
their blastomeres intact on thawing, thus emphasizing the totipotent nature of early
embryonic cells. Cleavage-stage embryo biopsy to date remains the most favorable
choice for obtaining genetic material by most PGD centers worldwide; from 759 cycles,
755 used cleavage-stage biopsy and blastomere aspiration, 3 used polar body biopsy,
and 1 used both polar body and cleavage-stage biopsy (3). From these data, a success-
ful biopsy was achieved in 96% of the cases.

Many different methods have been used in animal models to remove embryonic cells
before compaction (49–51). Moreover, micromanipulation and biopsy of cattle embryos
is commonly used to create chimeras for agricultural use. However, only a few of these
methods have been successfully applied to human embryos (Figure 6.2).

2.3 Methods of Zona Drilling

2.3.1 Acid Tyrodes Drilling

Acid Tyrodes has been used in embryology since 1986 (52) and has been the best choice
to date for cleavage-stage embryo biopsy (3) (Figures 6.2a; see also Figure 6.4). Acid
Tyrodes solution is commercially available (Medicult, Denmark, or Vitrolife, Sweden)
or can be made in house. The pH of acid tyrodes should not be lower than 2.2, as this
can be detrimental in lowering the pH of the biopsy drop when drilling. Cleavage-stage
embryo biopsy using acid tyrodes usually incorporates the use of a double tool holder
on the micromanipulator. A detailed account of acid tyrodes drilling is given in the
cleavage-stage biopsy protocol (Protocol 6.1). The main drawback of using acid tyrodes
is its toxicity and cytoplasmic acidification, which changes the intracellular pH, leading
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Figure 6.2. Methods of zona pellucida opening. (a) Acid tyrode’s drilling, (b) laser drilling,
(c) mechanical drilling (partial zona dissection), (d) zona pellucida piercing. (Figure courtesy of
P. Phopong, Siriraj Hospital, Bangkok.)
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to cytoplasmic degeneration (53). Several studies have reported that chemical drilling
is more detrimental to oocytes than mechanical means (54–56). In addition, exposure
of four-cell human embryos to acid tyrodes has also been suggested to reduce their vi-
ability and preimplantation development (41, 44, 54). In contrast, several published
reports indicate that there is no significant adverse effect from acid tyrodes in mice and
human embryos (7, 57–59). In humans it has been shown that assisted hatching using
acid tyrodes at early-cleavage stages increases the implantation rate.

2.3.2 Laser Drilling

Lasers have been successfully used over the last decade and their safety has been
proven in both mouse and human gametes and embryos (42, 60–62) (Figure 6.2b).
Feichtinger et al. reported the first healthy live birth after attempting laser-assisted
partial zona dissection to assist hatching in human embryos (63, 64). Over the years
several reports have highlighted the use of different types of lasers (60, 65–67), some
of which have shown adverse effects such as affecting the genetic structure of oo-
cytes (68), abnormal embryonic development (66), and inducing sister chromatid
exchange in Chinese hamster ovary cells (69). Recently the preferred choice has been
the near infrared (NIR) solid-state compact diode 1.48-mm laser (7, 61, 70, 71). The
wavelength of light emitted is highly absorbed by the glycoproteins of the zona pel-
lucida and not by blastomeres or the culture media. However, if the exposure time
(pulse irradiation time [PIR] range 3–100 ms) is too long, then the photothermal en-
ergy can cause selective damage to further embryonic development (J. Harper and A.
Doshi, personal observations). The usual exposure time to drill a hole of 10–15 mm is
10–12 ms. It is advisable to use a couple of shots at low exposure times rather that a
single shot of PIRs > 15 ms to give the appropriate size of hole needed. Nevertheless,
when used within short exposure times, human and mouse embryos showed no signs
of any extraneous thermal damage under light or electron microscopy (61). The 1.48-mm
diode laser has been used in polar body biopsy in mouse zygotes (42) as well as for
mouse and human blastocyst biopsy (6, 72, 73). The efficiency of the procedure and
blastocyst recovery rates were encouraging, suggesting that laser-assisted blastocyst
biopsy could be a viable tool for clinical PGD.

The advantages of laser drilling are

1. There is no need for disposable micropipettes for drilling, and risk of introducing
any extraneous contamination is avoided (when drilling with acid tyrodes).

2. Consistent results are obtained because controlled hole sizes can be obtained,
whereas with acid tyrodes there is no regulation of hole size, and it can vary be-
tween embryos. Very large holes drilled as a result of acid tyrodes can result in
the unwanted loss of blastomeres and affect implantation (S. Munne, personal
communication).

3. Because there are variations in zona pellucidae both between and within cohorts
of human oocytes and embryos (e.g., hardening, thickness), laser drilling can
achieve more consistent results rather than subjecting the embryo to large amounts
of acid tyrodes.

4. It has been observed that laser drilling results in a lower degree of blastomere
lysis during biopsy compared to acid tyrodes (74).

5. The rapid delivery of photothermal energy is easily dissipated and the method
offers a high degree of precision.

The disadvantages of laser drilling are

1. It is very expensive, and for certain centers performing small number of cases it
is not cost effective.
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2. Laser drilling creates the aperture in the form of a groove rather than a spherical
hole. This can in certain cases cause constriction of the blastomere through it and
result in lysis.

Many centers are making the transition from acid tyrodes to laser drilling for cleav-
age stage embryo biopsy (7). However, the former still remains the most commonly
used technique (2, 3).

2.3.3 Mechanical Drilling

Also known as partial zona dissection (PZD), this technique of creating an opening in
oocytes and embryos has been used clinically by two centers worldwide for PGD (2)
(Figure 6.2c). Mechanical drilling involves the use of a sharpened micropipette to me-
chanically pierce the zona and make a hole or a slit. Malter and Cohen (41) suggested
that PZD of the human oocyte was a nontraumatic method compared to zona drilling
with acid tyrodes. However, the precision in positioning the hole is jeopardized when
compared to acid tyrodes or laser. Advantages of mechanical drilling are that there
are no effects of chemicals or heat during the procedure. In addition, reports indicate
that the fertilization rate (for polar body biopsy) and further embryonic development
is not compromised in comparison with their respective controls using this method
(38). It has been suggested that with PZD the openings can be very narrow in com-
parison with spherical apertures using other drilling methods. This can subsequently
induce more trauma to the cells during biopsy as well as lowering the blastocyst hatch-
ing rates (75, 76).

2.3.4 Zona Piercing

Zona piercing has not been used clinically for PGD, but it has been tested in the mouse
model. Wilton et al. (51) and Thompson et al. (77) used this approach to biopsy blas-
tomeres from four-cell and eight-cell embryos, respectively (Figure 6.2d). A sharpened,
beveled micropipette was used to puncture the zona and aspirate the cell(s) with the
same pipette. Results showed that the blastocyst rates were comparable between the
manipulated and control embryos (51,77). This method is not feasible for application
to human embryos due to the thickness of the zona pellucida.

2.4 Methods of Blastomere Removal

2.4.1 Aspiration

Aspiration is the most commonly used method to remove blastomeres for clinical em-
bryo biopsy after drilling with either acid tyrodes, laser, or PZD (3) (Figure 6.3a
and 6.4). A finely fire polished biopsy pipette (30–40 mm internal diameter) contain-
ing biopsy medium is inserted close to the aperture, and the blastomere in contact with
the pipette is aspirated using gentle suction with either hydraulic, pneumatic, or mouth-
controlled syringes. The most important factor determining a successful biopsy is care-
ful and gentle control during aspiration because the blastomeres can be very fragile
and prone to lysis. If the hole is drilled in between two blastomeres, then the biopsy
pipette is brought close to the hole, after which it can be moved up and down near the
cell to be biopsied, followed by aspiration. This is more problematic in comparison
with holes drilled directly adjacent to the blastomere. However, when opting for two
cells, it is advisable to only drill one hole and aspirate both cells from the same hole
rather that making another one, which can cause embryonic hatching from two sites,
leading to monozygotic twinning (M. Montag, personal communication). Once at least
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half of the blastomere is aspirated within the biopsy pipette, it should be gently with-
drawn to dislodge the cell from the rest of the embryo, followed by gradual removal
of the cell from the pipette. Engulfing the entire cell in the pipette can be more trau-
matic and can result in cell blebbing and thus lysis. However, in highly compact
embryos engulfing the cell might be necessary to dislodge the cell from the rest of the
embryo. It is important that the right size pipette is used for aspiration. If too small a

Figure 6.3. Methods of blastomere removal. (a) Aspiration, (b) displacement, (c) extrusion,
(d) stitch and pull. (Figure courtesy of P. Phopong, Sivivaj Hospital, Bangkok.)
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pipette is used, then there is increased risk of cell constriction, eventually leading to
lysis. Conversely, using a very large pipette can subject nearby blastomeres to be
aspirated unnecessarily.

2.4.2 Displacement

Displacement was first tried by Roudebush et al. (78) to biopsy mouse embryos at the
four- to eight-cell stage (Figure 6.3b). Two openings were made by zona slitting, and a
cell was protruded from the first puncture site by injecting culture medium through the
second hole. Cell survival after biopsy was much higher than with direct aspiration (55%

Figure 6.4. (a) Zona drilling with acid tyrodes; (b) aspirating the first blastomere; (c, d) aspirating
and dislodging the blastomere from the rest of the embryo; (e) aspirating the second blastomere
from the same hole; (f) maneuvering the blastomere to dislodge from the embryo (compact);
(g) engulfing the second blastomere into the pipette; (h) two biopsied blastomeres regain shape.
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vs. 22%). A similar technique was used by Pierce et al. (79) to biopsy eight-cell mouse
and human embryos. No significant difference was seen in blastocyst rate between
biopsied and control mouse embryos, and 96% of the biopsies cells underwent further
cleavage in culture. Blastocyst formation was observed in 69% of the biopsied human
embryos. Pierce et al. (80) applied the displacement method in clinical practice to de-
tect chromosomal abnormalities in cleavage-stage embryos.

2.4.3 Extrusion

Once an aperture has been made in the zona, a cell is biopsied by applying gentle pres-
sure using a blunt pipette at another site close to the cell to be biopsied, thus protruding
it through the opening. Gordon and Gang (81) biopsied mouse embryos using the ex-
trusion method, and Levinson et al. (82) applied this principle to human embryos in
clinical PGD for sexing (Figure 6.3c).

2.4.4 Stitch and Pull

The stitch-and-pull method has been described in the review by Tarin and Handyside
(45) (Figure 6.3d). The biopsy is carried out by drilling an opening in the zona, followed
by removal of the cell by stitching movements using a fine, sharp glass needle. Once
the needle is inserted through the zona, the blastomere is pushed upward toward the
opening. This method was first used by Muggleton-Harris et al. (83) to analyze cells
biopsied at both the cleavage and blastocyst stage. Cell lysis is more prevalent with this
method of biopsy.

2.4.5 Single-Pipette Biopsy

The most commonly used three-pipette technique, in which one pipette is used to hold the
embryo, another is used for drilling (acid tyrodes), and the third is used to aspirate the
blastomere, was modified in favor of a single pipette which performs both functions (i.e.,
drilling and aspirating). The internal diameter of the pipette ranges from 34 to 51 mm
depending on the number of cells in the embryo. Once a hole is drilled by acid tyrodes,
negative suction is applied to aspirate all acidic medium around the site of drilling. The
pipette is emptied of all acidic tyrodes, and fresh biopsy medium is loaded, after which
the one or two cells are removed by aspiration. Inzunza et al. (84) and Chen et al. (85)
reported healthy live births from embryos biopsied in this way.

2.5 Technical Considerations

2.5.1 Biopsy Time

Cleavage-stage embryo biopsy is carried out on day 3 after insemination when the
embryo contains between 6 and 10 cells (Figure 6.4). Most centers prefer to do the bi-
opsy in the morning of day 3 if most of the embryos have attained the right stage of
development. However, it is advisable to wait until the afternoon if embryos are at the
five-cell stage or less. Moreover, the decision to wait depends on how many cells are
required for diagnosis. In addition, it is important to take into account timings of human
chorionic gonadotropin (hCG) injection, egg collection, hours after insemination/injec-
tion (86), and times at which the embryos are scored on day 2 and 3.

It is still unclear in humans what impact biopsying embryos with four to five cells
has in humans. In a study carried out by Tarin et al. (44), embryos biopsied on day 2
after insemination showed a great degree of retarded cleavage rates after biopsy as well
as low cell numbers in resulting blastocysts (44). In contrast, pregnancies have been
reported from embryos biopsied at the four-cell stage (A. Thornhill, unpublished data).
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In the mouse model biopsying embryos on day 2 results in abnormal differentiation of
the ICM and the TE, resulting in abnormal postimplantation development.

2.5.2 Decompaction and the Use of Ca2+/Mg2+-free Medium

The embryo starts to undergo the events of compaction on day 3 at the eight-cell stage
(87). Compaction involves the production of desmosomes and gap and tight junction
proteins, which causes the blastomeres to adhere to one another to maximize intercellu-
lar contacts. The integrity of tight junctions is calcium and magnesium dependent. In a
study carried out by Dumoulin et al. (88), incubation of embryos in Ca2+/Mg2+-free
medium for short periods of time resulted in less cell lysis and shorter biopsy time.
Moreover, there was no difference in the blastocyst rate and the number of cells in the
blastocysts in the control and experimental groups. This led the authors to conclude that
decompaction of the embryo was a reversible process (88). Similar conclusions were
made in the mouse model when embryos were biopsied at the four-cell stage (89), and
no detrimental effect was seen on further embryonic development after biopsy. How-
ever, in a study reported by Van Blerk et al. (90), in which mouse morulae were de-
compacted using Ca2+/Mg2+-free medium, a significant drop was seen in the number of
live offspring born in comparison to controls when transferring these embryos to foster
mice. This may suggest that decompaction can be reversed after biopsy only if performed
before a certain developmental stage. A survey carried out in 12 centers performing
embryo biopsy for PGD revealed that more than half use Ca2+/Mg2+-free medium rou-
tinely (2).

2.5.3 Cell Selection

Cleavage-stage embryo biopsy offers the advantage of a choice of cells to biopsy, whereas
polar body and blastocyst biopsy do not. It is essential that a few guidelines are fol-
lowed when selecting cells for biopsy before attempting to drill a hole:

1. Visualizing the nucleus is quite difficult when all the cells are overlapping within
the embryo. Moreover, the granularity of the cytoplasm sometimes makes the
nucleus less clear. However, visualization is not impossible, and the nucleus can
sometimes be clearly seen under high magnification. It has been suggested that in
the future the use of fluorescence might make it easier to locate a nucleus in a
biopsied cell (91, 92). Large fragments are often mistaken as blastomeres, and
hence visualization of the nucleus prevents biopsying any anucleate fragments.

2. It is always advisable to select the smaller blastomeres for biopsy within an em-
bryo. This indicates that the cell has undergone its mitotic division. Large,
undivided cells usually suggest that the cell has either not undergone mitosis
or that it is still in the process of division (karyokinesis and cytokinesis). Bio-
psying large cells not only reduces embryonic mass significantly but also risks
the cell being in metaphase, making the chromosomes more prone to loss dur-
ing fixation.

3. Multinucleation of blastomeres is not an uncommon phenomenon observed in
cleavage-stage embryos. Binucleate and multinucleate cells should strongly be
avoided during biopsy, as they can result in unclear diagnosis. In addition, such
cells could have derived as a result of failure of cytokinesis after karyokinesis.

2.5.4 Number of Cells Biopsied

With the discovery of mosaicism within preimplantation embryos, it has become com-
mon practice in some centers to routinely biopsy two cells and analyze them indepen-
dently before transferring. This gives greater diagnostic accuracy and a higher indication
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of normality. In regard to this practice, it is important to bear in mind that the potential
to implant decreases with greater amount of embryonic mass removed (91, 93). How-
ever, recent studies have shown that there is no difference in pregnancy and implanta-
tion and live birth rates when two cells are biopsied compared to one (7). This ties in
with data obtained by Hardy et al. (48), who showed that there was no significant dif-
ference in the ratio of TE and ICM nuclei when up to two cells were biopsied at the
eight-cell stage. The decision to take one or two cells is based on the stage of develop-
ment of the embryo and the type of diagnosis. In cases of dominant disorders discov-
ered by PCR it has become essential to analyze two cells because allele dropout can
cause serious misdiagnosis if diagnosis is based on one cell analysis. However, for sex-
ing by FISH as well as for diagnosis of autosomal recessive disorders, one-cell diagno-
sis can be considered because transferring carrier embryos is not lethal (94).

2.5.5 Cryopreservation of Biopsied Embryos

Cryopreservation of biopsied embryos is becoming a necessity with patients who have
a greater number of normal embryos than those transferred. Experiments in mice have
shown promising results in achieving successful cryopreservation of biopsied embryos
(51, 53, 93). Cryopreservation of biopsied human embryos would not be as simple as
methods applied for unbiopsied embryos due to the presence of a hole in the zona (which
acts as a protective barrier to regulate the inflow of toxic cryoprotectant). To date, few
groups have attempted freezing biopsied embryos. One of the first reports by Joris et al.
(74) tried freezing biopsied day 3 embryos using a slow freeze/thaw procedure with
DMSO. Survival in the biopsied group was significantly lower than in intact controls.
Nevertheless, in biopsied embryos that did survive the freeze/thaw procedure, blasto-
cyst formation was seen in a small percentage. Similar results were confirmed by Magli
et al. (95). This suggests that although survival rates are poor with current freezing pro-
tocols, freezing biopsied embryos can be attempted. Lee and Munne (96) reported a live
birth from embryos derived from polar body biopsy and frozen using a one-step method
as previously described (97). Unpublished reports have claimed survival (>50% of cells
intact) in 75% of biopsied, frozen and thawed embryos, with clinical pregnancy rates of
25% per embryo transferred. However, the modification to previous methods reported
was culturing biopsied embryos to day 5 before attempting freezing using glycerol and
sucrose as cryoprotectants (J. Catt, personal communication).

2.5.6 Contamination

Aseptic techniques are of utmost importance in an embryology laboratory. Moreover, in
cases of PCR, contamination can be very crucial because it can result in amplification failure
or preferential amplification. Extraneous sources of contamination are listed below:

1. Always ensure that new batches of media that have been tested for quality con-
trol are used for PGD cycles, and avoid using bottles that have been previously
opened. It is good practice to batch test all media used for embryo culture and
PGD by PCR to confirm purity.

2. Biopsy medium containing HSA should be tested by PCR to ensure that no am-
plification results from any human sources of DNA present in the HSA, which
could lead to inconclusive results.

3. All cumulus cells should be carefully removed before the biopsy procedure. Any
remnants of these cells can contain DNA that will amplify during PCR.

4. ICSI should be used for all PCR cases. Any extra sperm bound to the zona as a
result of IVF can lead to amplification of sperm DNA.

5. Nontoxic, powder-free gloves, hats, masks, and sterile clothing should be worn
at all times to avoid any cells (e.g., skin) from the personnel contaminating the
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test material. It is advisable that all embryologists and biopsy practitioners have
their buccal cells analyzed by PCR so that any contamination present during a
clinical case can be traced.

2.6 Blastocyst Biopsy

The human blastocyst consists of two differentiated cell lines: TE and ICM. Two-thirds
of the cells are TE and one-third are ICM. As the TE gives rise predominantly to the
placenta and does not participate in the development of the fetus, several of its cells
may be selectively removed without posing any risk to the resulting embryo proper (45).
To some this may be ethically more acceptable because the cells biopsied do not con-
tribute to fetal development. Morphologically normal human blastocysts consist of 60–
125 cells on day 5–7 postinsemination (48). This would potentially offer a higher number
of cells to be biopsied and available for genetic analysis. The higher number of cells
available may decrease the likelihood of misdiagnosis, which can occur with the lim-
ited number of cells obtained from cleavage-stage biopsy. This would also allow more
diagnostic techniques to be performed (5, 6). Blastocyst biopsy and livebirths have been
reported in mice and primates (98, 99). The mouse model has since then been used to
develop techniques of embryo biopsy and examine their safety (56, 78, 100). Studies in
spare human blastocysts have shown that biopsy of up to 10 TE cells has proved to be
safe in terms of hCG production in vitro and further blastocyst development compared
to controls (101). If this technique were to be extrapolated to clinical practice, then the
availability of more cells would reduce problems such as amplification failure or allele
dropout for PCR (102). In addition, for FISH the presence of more than two cells would
virtually guarantee a result for each embryo biopsied, as problems of split signals, sig-
nal overlap, or probe hybridization failure would be significantly less misleading. The
availability of more cells would also increase the diagnostic possibilities for PGD, such
as screening more chromosomes for FISH and analyzing more specific sequences with
PCR (5).

2.6.1 Disadvantages of Blastocyst Biopsy

The main limitation of blastocyst biopsy is that a low number of embryos make it to the
blastocyst stage in vitro. Even with sequential culture systems and co-culture, reports
indicate around 50% blastocyst formation of normally fertilized zygotes (103). This
would result in very few embryos available for PGD and would restrict the chances of
patients having more embryos diagnosed. Moreover, since a good number of oocytes
and embryos are needed for a successful PGD, blastocyst biopsy reduces the chances of
having an embryo transferred in patients with fewer than nine oocytes collected (104).

The accuracy of diagnosis will be jeopardized if the TE cells show genetic variation
from the ICM. This has known to happen in 1% of conceptions in which the chromo-
somal status of the embryo is different from the placenta (confined placental mosaicism).
This may be a mechanism of early development in which abnormal cells are preferen-
tially allocated to the trophectoderm lineage (105). Mosaicism is commonly seen in
blastocysts, but the degree is significantly lower than in cleavage-stage embryos (27).
In addition, mosaic cells have been seen even in the ICM (28, 106). It is believed that
only about four cells from the ICM go on to make the embryo proper. This may suggest
that mosaic cells within the ICM may be eliminated at this stage. These findings chal-
lenge previous beliefs that chromosomally imbalanced embryos will be eliminated as a
result of extended culture in vitro (103, 107–109).

There is limited time to perform diagnosis because the blastocyst has limited viabil-
ity in vitro. Hence there is pressure to put the blastocysts back before they collapse. The
biopsy procedure can be very time consuming, as first a slit has to be made in the zona,
followed by incubation for 6–24 h until some TE cells herniate through the opening,
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after which the extruded cells are excised. It has been suggested that the incision has to
be made at the pole opposite to the ICM. However, this is not always straightforward
because some blastocysts have very small ICMs, making it less distinct.

The only advantage in performing blastocyst biopsy clinically is that more cells can
be obtained for analysis. However, it has been suggested that an alternative to blasto-
cyst biopsy is to proliferate cleavage-stage blastomeres in vitro to yield more cells for
diagnosis (110). Blastocyst biopsy using lasers has been proposed in human embryos
for clinical PGD (6), but to date no center has reported using blastocyst biopsy clini-
cally, and hence its widespread use awaits large-scale clinical assessment. In the future,
the safety of blastocyst biopsy might be readily evaluated from multicenter data col-
lected by the ESHRE PGD Consortium.

3. CONCLUSIONS

We have outlined the three methods of embryo biopsy in this chapter. Worldwide, the
majority of clinics are performing cleavage-stage biopsy at the six- to eight-cell stage,
using acid Tyrodes to drill the zona and aspiration to remove the blastomeres (3). There
has been an increase in the use of the laser for zona drilling (2, 3), but the cost of the
laser is still high, and its use has not been approved in every country. For those per-
forming cleavage-stage biopsy, the decision whether to take one or two cells is still being
debated (7). Performing PGD reliably from one cell is technically challenging and is
especially difficult in the cases of chromosomal abnormalities and dominant disorders.
However, taking two cells may reduce implantation. The use of Ca2+/Mg2+-free medium
has made the biopsy technically easier, but the use of all these techniques needs to be
monitored to ensure there are no detrimental effects.

Protocol 6.1. Cleavage-stage embryo biopsy

Materials

ICSI, oocyte, and embryo culture

1. Carry out all oocyte and embryo culture in sequential IVF media (e.g., Cook
IVF, G1/G2, Vitrolife).

2. For cases involving PCR, use ICSI for insemination to avoid the risk of any con-
tamination from the DNA of sperm. Routine IVF can be carried out in cases of
FISH diagnosis where there is no male-factor problem.

3. Group oocytes together after the oocyte collection until the time of ICSI. Oo-
cytes should be denuded as for the routine ICSI protocol. However, it is extremely

Solutions and Equipment Sources

Micromanipulators Research Instruments
Eppendorf
Narishige

Biopsy pipettes Cook IVF
Humagen
Conception Technologies

Sequential culture medium Cook IVF
Medicult
Vitrolife

Acid tyrodes solution Medicult
Vitrolife

Ca2+/Mg2+-free biopsy medium Medicult
Vitrolife
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important to remove all cumulus and corona cells from the zona pellucida be-
fore commencing injection, as this can lead to contamination. Commercial de-
nuding pipettes (internal diameter of 0.127–0.129 mm) can be used.

4. Score ICSI as normal (i.e., grading the oocyte cytoplasm, maturity, polar body
fragmentation, and membrane elasticity).

5. Pick up about 5 sperm and transfer them to a fresh droplet of PVP in each dish
before introducing the oocytes for injection. The microinjection needle should
be changed after all the sperm have been separated into a fresh drop of PVP in
all dishes used for ICSI to ensure that there is no contamination of residual sperm
stuck to the pipette, which will be introduced into the oocytes.

6. Videotape the ICSI procedure for future reference, if desired.
7. After microinjection, culture all the oocytes individually in the order that they

were injected. This will enable monitoring of an embryo derived from a good
oocyte if a selection is available on the day of embryo transfer.

8. Double label all culture dishes clearly (on the lid as well as under the dish) with
the oocyte/embryo number and patient details to avoid any confusion.

9. Carry out routine scoring and assessment for pronuclei. Normally fertilized
zygotes should be transferred into fresh, pre-equilibrated drops of cleavage
medium, correspondingly labeled with the number on the dish.

10. Remove any remnants of cumulus cells before transferring the zygotes. Evalu-
ate the embryos morphologically on days 2 and 3 after insemination. Scoring
on day 3 should be done just before commencing biopsy.

Preparation of biopsy dishes for acid tyrodes drilling

1. Use sterile tissue culture 60-mm dishes (Falcon 35-3002) for the biopsy proce-
dure, prepared the evening before the biopsy (Figure P6.1).

2. Make three drops of Ca2+/Mg2+-free embryo biopsy medium with a single drop
of acid Tyrodes (pH 2.3–2.4) as shown in Figure P6.1.

3. Overlay the drops with approximately 6 ml of washed oil.
4. Make one dish per embryo to biopsy. Make a spare dish for priming the pipettes.
5. Keep the dishes overnight in an atmosphere of 6% CO2 and 37°C for equilibration.

Setting the micromanipulator

1. The biopsies can performed under an Olympus inverted microscope with suit-
able micromanipulators controlled by air (Figure P6.2).

2. A double tool holder is required in most centers using mechanical or acid tyrodes
drilling (Figure P6.2), but a method reporting the use of the same pipette for

Figure P6.1. Preparation of biopsy dishes for acid tyrodes drilling.
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zona drilling and blastomere aspiration has been highly successful for one group
(84, 111).

3. A number of commercially available micromanipulation pipettes are available.

Cook IVF embryo biopsy pipettes (Hammersmith and UCL design)
Holding pipette: K-HPIP-2335, external diameter 120 mm
Zona drilling pipette: K-AHP-1035, internal diameter 5–10 mm
Blastomere aspiration ppette: K-EBPH-3535, internal diameter 35 mm (for embryos

≥6 cells); K-EBPH-4035, internal diameter 40 mm (for embryos ≤5 cells.

4. Carefully align all 3 pipettes on the same level using course and fine adjustments.
5. Before the biopsy, prime the holding and aspiration pipettes with Ca2+/Mg2+-free

biopsy medium and prime the drilling pipette with acid tyrodes.

Embryo biopsy

Preparation for biopsy

1. Prepare the biopsy dishes the night before (see above).
2. Videotape all embryo biopsies for future reference, if desired.
3. Carefully record details of the biopsy (see sheet at end of protocol) and ensure

that the embryo and biopsied blastomere number can be identified.
4. Take the embryo to be biopsied from its culture dish and place it in the first drop

of the biopsy medium in the appropriately numbered biopsy dish.
5. Wash the embryo in this drop and transfer it to the second drop of the biopsy

medium.
6. Depending on the level of compaction, determine the timing of preincubation.

Preincubation should not exceed 10 min in any case. Embryos that do not ap-
pear very compact should be biopsied at once. Keep the dish in the incubator
during preincubation.

7. It may be easier to start with an average-quality embryo, then move to the best
quality embryo and biopsy the poorer embryos last. Embryos that have fewer
than 5 cells should be left till the end in case they divide further.

Zona drilling

8. Using the holding and the aspiration pipette, gently secure the embryo and po-
sition by rotation so that the blastomere(s) to be biopsied are at the 3 o’clock
position.

9. Check the presence of the nucleus under the highest magnification (400×) in
the blastomeres to be biopsied.

Figure P6.2. Setting the micromanipulator.
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10. Once secured to the holding pipette, lift the embryo slightly from the bottom of
the dish and lower the magnification to 200× for the biopsy.

11. Introduce the zona drilling pipette into the biopsy drop and push it against the
zona so that an indentation in the zona is observed at 3 o’clock. It is important
to ensure that the blastomere(s) to be biopsied and the hole are in the same plane
of focus.

12. The hole can be drilled in between two blastomeres to facilitate removal of two
blastomeres through the same hole and to avoid lysis of the blastomere.

13. Once the correct plane has been achieved, the pipette should be held close to
the zona and a fine stream of acid tyrodes expelled.

14. As the zona thins, move the pipette closer to the zona and expel acid tyrodes
until a clear hole is made or until the zona pops.

15. Once the hole is drilled, immediately press the equilibration button to cancel all
negative and positive pressure, which will prevent any more expulsion of acid
tyrodes in the biopsy drop.

16. Move the embryo away from the site of drilling to avoid any toxic effects of the
acid tyrodes.

17. Remove the zona drilling pipette from the biopsy drop immediately.

Blastomere aspiration

18. Place the aspiration pipette very close to the hole and apply gentle suction.
19. As the blastomere is aspirated, gradually move the pipette away from the em-

bryo. It is sometimes possible to pull the blastomere away from the embryo just
by partial aspiration of the blastomere.

20. Care should be taken to ensure that the blastomere does not shoot up into the
aspiration pipette, as this can cause the blastomere to lyse.

21. Expel the blastomere gently from the pipette and check for the presence of an
intact nucleus.

22. If a further blastomere is required, use the same hole.
23. A second hole may lead to the embryo hatching from both sites, increasing

chances of monozygotic twinning.
24. Rotate or move the embryo gently on the same plane with the aspiration pipette

to facilitate removal of the second blastomere through an angle. (Getting the
second blastomere can be quite time consuming.)

25. If the blastomere is difficult to aspirate due to compaction, move the pipette
gently up and down against the zona to try and dislodge the blastomere.

26. As soon as the required blastomeres are aspirated, remove the aspiration pipette
from the biopsy drop to avoid suction of the blastomeres back up the pipette.

27. Reprime the drilling pipette between each biopsy to ensure that the acid Tyrodes
is concentrated.

28. If a blastomere has lysed during the aspiration process, change the aspiration
pipette before starting the next biopsy to reduce the risk of any contamination.

After biopsy

1. As soon as the biopsy is complete, wash the embryo in the third drop of the
biopsy medium and then wash it thoroughly in the first well of blastocyst
medium before transferring it into the correspondingly numbered microdrop
under oil.

2. (These dishes are made the evening before the biopsy and preequilibrated [Fig-
ure P6.3].)

3. Promptly place the dish containing the biopsied embryos back inside the incubator.
4. The biopsied cells must remain in the labeled biopsy dish to avoid confusion and

handed to the geneticist, who prepares the blastomeres for FISH or PCR.
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Troubleshooting

Resealing of the zona after drilling. Due to the bilayered structure of the zona, re-
sealing can be observed at times when drilling with acid tyrodes. This is noticed
when the blastomere cannot be aspirated into the pipette with ease. The only way
to proceed is to apply some more acid tyrodes at the site of resealing.

The second blastomere is not in the same plane as the hole. This is common, as the
blastomeres of the embryo can be repositioned when biopsying the first blastomere.
An extension to the present hole should be made rather than making another hole
to access the second blastomere.

Deciding whether to take out one or two blastomeres: This decision is to be made by
the embryologist in conjunction with the geneticist. For some diagnoses, due to
the risk of mosaicism it is advisable to have two blastomeres for independent analy-
sis. If there is blastomere lysis during the biopsy, then the embryologist might have
to biopsy another blastomere. However, it is important to remember that the aim
is to obtain an intact blastomere as well as an embryo with most of its blastomeres
present to give it a fair chance of further development.

Laser drilling

1. A noncontact 1.48-mm diode laser can be used for zona drilling instead of acid
Tyrodes.

2. Use the lowest power (around 10 m/s exposure) of the laser during drilling be-
cause lasers release heat at the site of application, and higher exposure times have
shown to be detrimental to further embryonic development. Hence, 2–3 shots may
be needed before an adequate-sized hole is made.

It must be remembered that the hole drilled is more in the shape of a groove than
spherical and can lead to constriction of the cell during aspiration it if the opening is not
big enough.

Figure P6.3. Preparation of culture dish for development post-biopsy.
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RECORD OF EMBRYO BIOPSY FOR PGD

Name: ____________________________ Med No: __________________________

Screening For: _____________________ Date: _____________________________

Biopsy Practitioner: _________________

Embryo ref.

No of cells prior
to biopsy

Grade of embryo
before biopsy

Preincubation
time in Ca2+/Mg2+-
free medium

No. of cells
biopsied

No. of cells intact

No. of cells in
embryo postbiopsy

Grade of embryo
postbiopsy

Time taken to biopsy

Video reference

Comments
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1. ROLE OF pH AND CALCIUM IN PREIMPLANTATION
EMBRYO DEVELOPMENT

To understand cell physiology and the regulation of development, it is essential to under-
stand the role and control of intracellular ions. Ions such as calcium and protons (pH)
are universal regulators of cell function. Temporal and spatial changes in the levels of
these ions regulate and signal many cellular functions such as division, differentiation,
metabolism, and secretion in response to stimuli such as growth factors. In reproduc-
tion, changes in intracellular calcium and pH are key factors in fertilization and in ini-
tiation of development of sea urchin and Xenopus eggs. Much of the work on these
species was performed in the 1960s and 1970s using electron probes that could be in-
serted into the oocytes or cells of the embryo to take measurements. This was possible
due to the large volume of the oocytes and embryos and further facilitated by the ability
of the oocytes and embryos from these species to develop external to the body. Similar
studies on mammalian oocytes and embryos had not been possible due to the small size
of the cells and also due to an inability to maintain developmental competence external
to the body for long periods of time.

Since the 1990s, there have been major advances in the development of fluorescent
microscopy technology coupled with specific ratiometric dyes that make it possible to
accurately measure levels of ions in single living cells. Coupled with advances in em-
bryo culture technology (see Chapter 3), it is now possible to maintain mammalian em-
bryos in culture for a sustained period of time with minimal loss in viability. Therefore,
much can be learned about the control of intracellular ions and how they change with
and regulate development of the mammalian embryo. This chapter outlines some of the
advances in the field and presents techniques to measure intracellular ions and examples
of measurement of transport systems in mammalian embryos.
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2. PRINCIPLES OF RATIOMETRIC ANALYSIS

The ability to study cells as they grow and develop is a powerful method to establish
how cell functions are regulated. With the development of quantitative fluorescence
microscopy and ratiometric ion-sensitive fluorochromes, it is possible to study cellular
and subcellular events in individual living cells. These fluorochromes shift excitation
or emission wavelengths and quantum efficiency upon ligand binding (Figure 7.1) (1–
9). Therefore alternation between wavelengths can be used to distinguish between dye
that is not bound to ligand (controls for the level of dye that enters the cell) and dye
bound to the ligand. By taking a ratio of these measurements, it is possible to accurately
quantitate the level of the ion within the cellular compartment being studied without
the level of dye entering the cell interfering with the analysis.

Further advantages of ratiometric measurement over the use of single-wavelength
dyes is that the effects of cell thickness, dye content, or instrumental efficiency that
interfere with the interpretation of measurements at single wavelengths are largely elimi-
nated (1). This enables the signal obtained to be accurately calibrated and also enables
comparisons to be made between samples and within different areas of the same sample
and between different days of experimentation. Combining this powerful ratiometric
technique with ultrasensitive low-light–level video cameras or photometers and digital
image processing enables the study of both spatial and temporal distribution of ions
within single cells (10).

3. TYPES OF EQUIPMENT

3.1 Fluorescence Microscope

All the ion-sensitive fluorophores discussed here rely on the excitation of fluorescence
and quantitative measurement of fluorescence emission. For cells that are available in
large quantities, quantitative fluorescence measurements can be made with large popu-
lations of cells in suspension or on coverslips, using macroscopic detection systems (e.g.,
a spectrofluorometer). However, mammalian oocytes and embryos are obtainable only
in small numbers, and therefore quantitative fluorescence microscopy must be used
because it allows the fluorescent signal to be measured in single or small groups of
embryos. This requires a fluorescence microscope fitted with a detection system that
permits the quantitative measurement of fluorescence emission. In practice, any high-
quality fluorescence microscope, such as those manufactured by Zeiss, Nikon, and oth-
ers, will suffice. The most convenient configuration for oocytes and embryos is an
inverted microscope, which allows the imaging of the bottom of a culture dish or cham-
ber filled with culture medium. Particular attention must be paid to the stability of the
fluorescence source, as fluctuations in excitation intensity during measurements will
introduce substantial errors. Because epifluorescence excitation is standard, the objec-
tives chosen must be optimal for the transmission of both excitation and emission wave-
lengths. Thus, if UV-excited fluorophores are to be used, the objectives must have high
transmission in the near UV.

The system used to measure fluorescence must be sensitive enough to detect the low-
level fluorescence emitted by intracellular fluorophores and should also have an output
that is linearly proportional to the light signal. These properties, sensitivity and linear-
ity, are crucial determinants of the usefulness of any given quantitative fluorescence
system (4). Currently, a number of systems are commercially available that are specifi-
cally designed for quantitative, ratiometric fluorescence measurements. These systems
are based on either of two different detectors: photomultipliers or ultrasensitive video
cameras. Photomultipliers are exceedingly sensitive and give a linear output over a large
range of input intensities, making them ideal for low-light–level applications. Micros-
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copy systems using photomultipliers usually employ a pinhole aperture, which is used
to select the portion of the microscope field for measurement; thus measurements can
be obtained from only one oocyte or embryo, which is a significant limitation. Cam-
eras, in contrast, permit the entire field of view to be captured at once, so that a number
of oocytes or embryos can be assessed simultaneously. The newer cooled charge-coupled
device (CCD) cameras rival photomultipliers in sensitivity and linearity and are the usual
choice for quantitative fluorescence applications. This method also has the advantage
that spatial information can be preserved from within a cell or multicellular structure so
that both temporal and spatial data can be obtained simultaneously.

A basic requirement for any quantitative fluorescence microscope is the ability to
select the appropriate excitation wavelengths. Because most useful ion-selective probes
are ratiometric, the system must be able to rapidly switch between two different excita-
tion or emission wavelengths. For excitation wavelengths this is most commonly done
using a filter wheel with two or more openings for holding optical filters that pass a
narrow range of wavelengths of light. By selecting two appropriate optical filters, the
desired excitation wavelengths for ratiometric fluorescence excitation can be supplied.
Such filter wheels are generally coupled with a shutter that blocks the excitation light
except during actual measurements, which is crucial for limiting photobleaching and
phototoxicity.

The emission wavelength must also be selected. For applications, such as with fluoro-
phores where an excitation ratio is obtained, the emission wavelength does not need to
be changed during an experiment. Thus, a single optical filter is placed between the
specimen and the camera (or other detector) to determine the emission wavelength. An
added constraint on the filter is that it must not introduce any optical distortion because,
unlike the filters used to determine the excitation wavelengths, the image itself must
pass through the filter. Some fluorophores, such as the calcium-sensitive Indo-1 or the
pH-sensitive SNARF-1, are ratiometric using the emission wavelengths rather than
excitation wavelengths and thus require rapid switching between emission wavelengths.

Figure 7.1. Changes in fluorescence of fura-2 when bound to calcium. All data are collected at
a wavelength of 510 nm. For analysis the levels of fluorescence are ratioed at the excitation wave
lengths of 340 nm, which has high levels of fluorescence when bound to the ligand and is there-
fore indicative of free calcium and 380 nm, which demonstrates low levels of fluorescence when
bound to the ligand and is therefore representative of the levels of fluorochrome within the cells.
Solid line indicates levels of fluorescence in the presence of saturating calcium. Dotted line in-
dicates levels of fluorescence in the absence of calcium. Adapted from Grynkiewicz et al. (1).
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In theory, a filter wheel similar to those used in selecting excitation wavelengths could
be introduced into the optical path just before the camera. However, in practice, this
introduces far too much mechanical vibration. Thus, to obtain emission ratios, non-
mechanical means of selecting wavelengths are required. One solution to this problem
is the use of dual cameras or dual photomultipliers, each having a different emission
wavelength selected by a fixed optical filter, with the image split before passing through
the filters. Another solution is the use of tunable optical filters, such as liquid crystal
monochrometers, which allow rapid switching between wavelengths by controlling the
optical properties of the liquid crystal. Either of these options is practical; however,
because of this constraint, the cost of equipment for emission ratiometric analysis is
higher than for excitation ratiometric analysis.

A final requirement for the system is the ability to store and quantitatively analyze
images. This almost universally involves the use of a computer-based imaging system
with appropriate software, permitting the storage of images as well as their analysis.
Minimum requirements, besides sufficient image-storage capacity, is the ability to ob-
tain and subtract background from images and the ability to quickly compute ratios (i.e.,
to generate ratiometric images by dividing the image obtained at one wavelength by
that obtained at the other on a pixel-by-pixel basis, or to divide the mean intensity in a
defined area of the image at one wavelength by that of the same area in the paired
image at the other wavelength). The ratios obtained, either displayed graphically or nu-
merically, are the crucial measurement when measuring intracellular ion concentrations
with ratiometric fluorophores. A number of systems are commercially available that in-
tegrate the microscope and detection system with a computer and software that both
capture and analyze the images, as well as control wavelength selection, opening of the
shutter, the camera or photomultiplier, and other functions.

3.2 Incubation Chamber

The oocytes or embryos must be maintained in an environment that sustains their vi-
ability during fluorescence measurements. A temperature-controlled chamber is required
for any but the most short-term measurements. A number of chambers are available that
control the temperature in a central well to within a narrow range, usually by means of
a heating element in the walls coupled with a temperature sensor within the fluid in the
chamber providing feedback to the controller. This is desirable to avoid undesired heat-
ing and cooling cycles associated with normal thermostats. The base of the chamber is
optically clear and thin, allowing microscopic observation of cells on the bottom using
an inverted microscope. Often, this base is a cover slip clamped into the chamber be-
fore it is filled. The chamber should be covered to minimize evaporation. Holding the
temperature in the chamber relatively constant is a crucial factor, as both the fluores-
cent properties of ion-sensitive fluorophores, and, for example, the pH of cytoplasm
and media, are highly temperature dependent. This can be accomplished by most com-
mercial temperature-controlled chambers, which maintain temperature within a range
of less than ±1°C.

One example of a chamber that fulfils these requirements is the PDMi-2 open perfu-
sion microchamber/TC-202 bipolar temperature controller (Medical Systems, Greenvale,
NY; Figure 7.2). It is recommended that a precision thermometer or temperature probe
independent of the controller be used to periodically confirm that the temperature set-
tings are accurate and to ensure that temperature does not vary excessively over time or
across the chamber. A problem that can occur with temperature-controlled chambers is
that they respond to solution changes, which tend to introduce somewhat cooler me-
dium, by overcorrecting the temperature and thus overshooting. This can be quite det-
rimental to the embryos. Therefore, it is imperative to follow the temperature in the
chamber while the solution is changed and detect any transient overshoot. Overshoots
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can be largely eliminated by prewarming the medium so that it enters the chamber at
just slightly below the desired temperature.

In addition to temperature control, it is useful to control the gas phase as well, as this
allows the use of HCO3

–/CO2-buffered media during fluorescence measurements. We
have successfully used a simple scheme in which an inverted plastic culture dish serves
as a cover for the chamber, into which a constant flow of gas (e.g., 5–6% CO2) is intro-
duced at a low rate (about 30 ml/min). This maintains the atmosphere above the me-
dium in the chamber, while not cooling it significantly. Care must be taken that the tubing
through which the gas passes is thin (to allow rapid transit) and not too long because
loss of CO2 across the walls of the tubing can be significant. For long-term observa-
tions, evaporation of medium from the chamber can be a significant problem. In this
case, the gas must first be passed through warm water before entering the chamber.
Bubbling through distilled water at 60°C raises the humidity to near 100%. A short
passage through thin tubing after humidifying ensures that the gas cools sufficiently
before entering the chamber. The tubing must be configured to prevent the water that
condenses in the tubing from running into the chamber.

For many applications, the solutions in the chamber need to be changed during the
experiment. This can be accomplished using a home-made apparatus using either grav-
ity feed or a syringe driver to provide prewarmed solution at a relatively low rate of
flow. As the solution is introduced, a small piece of tubing (e.g., stainless steel the size
of an 18-G needle) on the opposite side of the chamber can be used to remove liquid as
it rises near the top of the chamber, by means of a suction pump or aspirator. Because of
vibration, this is used only to change solutions. It is also possible to constantly superfuse
solutions over oocytes or embryos during measurements using configurations commonly
employed to change solutions during electrophysiological measurements. However, great
care must be exercised to minimize mechanical movement of the cells. To prevent loss
of oocytes or embryos during solution changes, they must be made to adhere to the
chamber bottom. Polylysine coating of the coverslip has been used to render them sticky
to the zona pellicuda, causing adhesion. However, in some cases the zona of embryos
will adhere strongly to a clean glass surface in the absence of protein or other macro-
molecular components of the medium, and this is sufficient to allow solution changes
(more details regarding methods of immobilizing oocytes and embryos can be found in
reference 11). The oocytes or embryos must not move even slightly during the acquisi-

Figure 7.2. Diagram of the incubation chamber for the measurement of intracellular ions. This
chamber regulates not only temperature but can also be connected to an external gas source to
maintain a specific gas phase. Additionally, the levels of solutions can be easily changed by the
use of a syringe pump connected to the inlet and outlet ports.
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tion of images used to calculate a ratio because any misregistering of such paired im-
ages will introduce a large error in calculated ratios.

3.3 Calibrating Equipment

The ability to calculate ion concentrations from ratiometric fluorescence measurements
is predicated on the assumption that the system responds linearly to input intensity (i.e.,
the emitted fluorescence intensity). In other words, the same ratio must be obtained for
a given intracellular ion concentration regardless of other conditions such as the con-
centration of the dye or excitation intensity. Detailed procedures for exhaustively vali-
dating an imaging system are described elsewhere (12, 13). These require some effort,
but it is well worth confirming that a newly set up imaging system is indeed functioning
correctly. It is recommended that any imaging system to be used for ratiometric fluo-
rescence measurements be thoroughly validated before experiments are begun with
oocytes or embryos.

The most basic set of tests to ensure that a system is functioning adequately involve
demonstrating that the ratios obtained are independent of changes in parameters such
as excitation and emission intensity, fluorophore concentration, and so on. A simple
test uses the fluorophore of interest in solution rather than fluorophore loaded into cells.
Therefore, the unmodified form of the fluorophore must be used, rather than the cell-
permeant form (usually with hydrophobic groups, such as acetoxymethyl groups, bound
to the dye via ester bonds), which is cleaved intracellularly to yield the ion-sensitive,
fluorescent form. Solutions of the unmodified form of the fluorophore are prepared in
buffer at several different concentrations of the relevant ion (e.g., Ca++ or pH). A simple
microcuvette can be fabricated on a microscope slide by cutting a small circular or square
hole in a piece of black electrical tape (with a razor blade or scalpel) and firmly attach-
ing it to the slide. The solution is placed in the well formed by the tape, filling the well
so that the drop protrudes slightly over the top of the tape. The well is then carefully
sealed with a coverslip, which will squeeze some liquid out and provide a relatively
bubble-free sample. This yields a deep, uniform sample of the dye solution to use on
the microscope.

First, the uniformity of fluorescence obtained across the microscope field should be
assessed. The dye sample is placed on the microscope stage, the focus is adjusted to be
within the fluorescent solution, away from the glass interfaces, and an image at one
excitation wavelength is obtained. Ideally, the image should be uniformly bright across
the entire image, with no major bright or dark spots. If this is not the case, then the align-
ment and focus of the fluorescence excitation source should be adjusted to give the most
uniform fluorescence possible while still maximizing overall brightness. When the fluo-
rescence image is as uniform as possible, a ratiometric image should be obtained. The
value of the ratio should not vary significantly across the image. Again, if there is ex-
cessive variation, the excitation illumination can be adjusted to minimize it. If neces-
sary, portions of the field of view where the ratio deviates too greatly can be marked
and avoided during experiments. This procedure should be repeated periodically and
should be carried out each time the excitation bulb is replaced or readjusted.

Once the illumination is adequately uniform, the repeatability of ratios obtained with
the system should be checked. Ratiometric measurements should be obtained for sev-
eral different concentrations of the relevant ion (e.g., Ca2+ or pH); these should yield
significantly different values for the ratio. Measurements should be repeated several times
for each sample to ensure that the values are the same over several replicates. Because
the ratio should ideally depend only on the ion concentration, it should be determined
at several concentrations of the dye. Care should be taken not to use an excessively high
dye concentration, or a phenomenon known as “self-screening” will occur in which the
fluorophore begins to absorb its own fluorescence, distorting the signal. Essentially the
same ratio should be obtained at a given ion concentration despite variations in the con-
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centration of the fluorophore. Note, however, that when the fluorescence signal gets
too low, the signal-to-noise ratio will become too small, and errors in the ratio will ap-
pear. Conversely, when fluorescence is very high, the image will begin to saturate, caus-
ing the ratio to deviate. However, away from the extremes, the ratio should be constant
for a given ion concentration.

An additional test that can be performed to determine whether the ratios remain con-
stant is to vary the intensity of the excitation light. This can be done by adjusting an
aperture in the excitation light path, where available, or via the use of neutral density
filters (available from the same sources as the optical filters used to select excitation
and emission wavelengths) placed in the excitation path. Again, the ratio should remain
essentially constant despite excitation intensity changes, except where the signal-to-noise
becomes too small or the image begins to saturate.

Another assurance that the system is working properly will be obtained routinely
during the course of experiments. Conversions of the ratios or fluorescence intensities
obtained to intracellular ion concentrations are accomplished primarily by methods in
which the intracellular ion concentration is clamped to a known set of concentrations
(see below). This serves as an internal control for system function. First, the ratio ob-
tained should be essentially identical in each oocyte or embryo in the field of view when
they are clamped to the same ion concentration. Second, the calibration curve obtained
should closely follow the expected dependence (often linear with ion concentration over
the range of interest). Finally, the calibration curves obtained should not deviate sig-
nificantly from experiment to experiment, except when a change has been made in the
system, such as the bulb being replaced in the excitation light source.

It is vital to ensure that an imaging system is working correctly before performing
actual measurements or experiments on embryos. Controls should also be built into any
experiments wherever possible that are designed to exclude artifactual changes in fluo-
rescence intensity that can be mistaken for changes in intracellular ion concentrations.

4. CHOICE OF A FLUOROCHROME FOR MEASUREMENT
OF INTRACELLULAR ION LEVELS

There are many dyes for analyzing ion levels in cells. It is essential that the correct dye
be chosen for each experiment. You may be limited in your choices of dye depending
on whether your equipment can support dual excitation and/or dual emission (see above).
Table 7.1 lists commonly used dyes for the measurement of calcium, pH, magnesium,
sodium, and potassium.

There are several factors to take into account when deciding on a dye: binding affin-
ity, cytotoxicity, photobleaching, specificity (interference from ionic strength), quick-
ness of response, and autofluoroscence. All of these will have a profound affect on the
outcome of the experiment. Most of these parameters such as binding affinity (Kd) and
specificity can be easily located in the catalogues of the major manufacturers of these
probes and also from the original papers that describe their development and function
(1, 9). Additionally, photobleaching can be reduced by limiting the duration of expo-
sure with a shutter mechanism or optical switch to prevent illumination during intervals
between recordings (13; see section 3.1).

A major concern when assessing mammalian embryos is the potential cytotoxicity
of the probes. Mammalian oocytes and embryos are notoriously sensitive to their envi-
ronment. Some probes have been shown to be more toxic to embryos than others; the
pH probe BCECF is significantly more toxic than is SNARF-1 to mouse two-cell em-
bryos (14). The toxicity of the probe on the oocytes or embryos that are to be measured
should be assessed before intracellular ion levels are assessed. We suggest loading
embryos with a range of concentrations of the probe and length of loading times that
enable a reliable signal to be detected. The oocytes or embryos loaded with the probe
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should then be exposed to the wavelengths of excitation for the length of time of the
proposed experiment. The embryos are then returned to the incubator and development
is assessed compared to non treated controls. Choose loading conditions (concentration
and time) that result in either no effect or minimal effect on embryo development to
ensure that the measurements taken are not artifactual. This is especially important for
experiments that require longer term measurements.

Autofluoroscence is an additional concern for embryos because they have compara-
tively high levels of autofluoroscence compared to some cell types. Therefore, when-
ever possible, avoid dyes that have excitation wavelengths or collection wavelengths
close to 340 nm such as Fura-2 (excitation wavelengths are 340 and 380 nm). How-
ever, if using such dyes is unavoidable, appropriate controls need to be included to control
for the levels of autofluorescence. Autofluorescence is usually determined by measur-
ing the fluorescence of unloaded cells, and this fluorescence can be subtracted from the
readings obtained. This can be achieved easily with most software packages.

Compartmentalization of a dye into organelles can also be a concern. This can be
detected by a change in the fluorescence of the non–ligand-bound dye or by hot spots
in the free dye excitation due to preferential accumulation of the dye. Some dyes such
as Fura-2 are prone to compartmentalization into organelles, and this should be consid-
ered when choosing a dye (15, 16).

5. LOADING OOCYTES/EMBRYOS WITH FLUOROCHROME

The probes used for the intracellular ion measurement contain carboxylate groups that
make them impermeable to the cell membrane. However, it is possible to purchase cell-
permeant forms of the dyes that contain hydrophobic groups such as acetoxymethyl es-
ters (AM) bound to the dye via ester bonds that mask the carboxylate groups. The addition
of these AM derivatives makes the dye permeable to the cell membrane and enables the
dye to diffuse into the cell. Once inside, the cell’s endogenous esterases hydrolyze the
dye and revert the dye back to a hydrophilic compound that is impermeable to the cell
membrane, thereby trapping the dye within the cell. The dye then binds to its ligand
within the cell. These cell-permeant dyes have been used successfully for oocytes and
embryos from several species (17–23; Protocol 7.1). Determination of the timing of
loading and the concentration of the dye to use can be obtained from the literature for
most dyes. However, it is advisable to use a time and concentration that enables consis-
tent levels of loading with the cells to be measured. This is usually achieved by loading
dyes for increasing levels of time and determining when the level of dye entering the
cell has reached a plateau. This will ensure that consistent levels of dye are routinely
obtained. Once this has been achieved, the cytotoxicity of the dye level should be as-
sessed as described above.

Table 7.1. Commonly used Fluorochromes for Assessment of Ion Levels in Living Cells

Ion for References for Use
Measurement Flurochrome Ratiometric Analysis in Mammalian Embryos

Calcium Fura-2 Dual excitation (26–29)
Calcium Indo-1 Dual emission (30, 31)
Calcium Quin-2 Dual excitation —
pH BCECF Dual excitation (17–20, 25, 32, 33)
pH SNARF-1 Dual emission (21, 23, 34–36)
Magnesium Mag-Fura-2 Dual excitation (28)
Magnesium Mag-Indo-1 Dual emission (31)
Sodium SBFI Dual excitation —
Potassium PBFI Dual excitation —
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If a particular cell is resistant to the loading of the AM esters of the dye, loading can
be facilitated by the use of the nonionic surfactant Pluronic F-127 at a low concentra-
tion such as 0.03%. This has been used for the loading of pig oocytes, but its use should
be avoided if possible (24).

6. CALIBRATION OF FLUOROCHROMES

The fluorescence of the dye in both absorption and emission spectra vary in intracellu-
lar environments compared to that measured in buffers. This is due to a variety of rea-
sons such as intracellular light scattering, changes in polarity, and viscosity, and therefore
calibrations should occur in vivo whenever possible.

In situ calibration of ion levels within cells is achieved by incubating the cells in the
presence of a specific ionophore which permealizes the cell to the ion being measured.
This enables the internal environment of the cell to equilibrate with the external envi-
ronment, thereby matching the intracellular levels of the ion to the known extracellular
level.

There are two general methods used for the calibration of intracellular ion levels.
For most ions the levels of intracellular ions are calibrated using a standard curve; how-
ever, for ions present in cells at very low levels such as calcium, an alternative calibra-
tion procedure is used (1).

7. CALIBRATION OF RATIOMETRIC SIGNALS

7.1 Calcium

Intracellular calcium levels are quantitated using a two-point in situ calibration
(Table 7.2). For calibration of intracellular calcium levels, nonfluorescent ionophores
such as ionomycin or 4-bromo-A-23187 are used. Ionophore A-23187 gives a fluores-
cent signal at some wavelengths and should not be used. Cells are permeablized using
the ionophore and incubated in a buffer that contains a saturating concentration of cal-
cium to determine the maximal fluorescent signal. This is then followed by a buffer that
contains no calcium (it contains the calcium chelator EGTA) that enables the minimal
levels of fluorescence to be determined (see Protocol 7.2). The levels of calcium are
then calibrated using the following equation.

Table 7.2. Composition of Solutions for Calibration
of Calcium Levels

Component mM

Solution A (Ca2+-free solution)

KCl 100
MOPS 10
K2H2-EGTA 10

Solution B (Ca2+-saturating solution)

KCl 100
K-MOPS 10
K2H2-EGTA 10
CaCl2 1

Titrate the solution to pH 7.2 using a 2 M KOH solution and filter
through a 0.2-mm filter. Store at 4°C. Solutions A and B can be pur-
chased as kits from Molecular Probes (Eugene, OR).
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Calcium levels are related to the measured fluorescence by

[Ca2+] = b × Kd × (R – Rmin)/(Rmax – R),

where R is the ratio of the fluorescence intensities, Rmin is the ratio in the absence of
calcium, Rmax is the ratio of Ca2+ saturated dye, b is the ratio of the fluorescence intensi-
ties at the wavelength chosen as the denominator of R (e.g., 480 nm emission for Indo-1)
in zero and saturating [Ca2+], and Kd is the dissociation constant of the indicator for
Ca2+ (1).

The Kd of the dye used can be affected by the experimental conditions. Therefore, to
determine an accurate value of Ca2+ levels in the cell, the Kd should be estimated under
the experimental conditions used. Kd is influenced by temperature, pH, viscosity, and
ionic strength, and therefore the Kd estimated in one cell type may differ slightly in a
different cell type. Details on how to calculate a Kd for a particular cell type can be found
in detail in Grynkiewisc et al. (1). Cells are incubated in a series of solutions where the
concentrations of calcium are known. The fluorescent values are the different excita-
tion (e.g., Fura-2) or emission (e.g., Indo-1) wavelengths that are determined. These
values can then be used to determine the Kd of the cells:

[free Ca2+] = Kd × (Ca-EGTA complex)/ (free EGTA).

A convenient alternative to calculating the Kd is provided on the Molecular Probes
website (www.probes.com) by using the dissociation constant calculator. The con-
centrations of calcium used in the external samples are entered along with the fluo-
rescent values obtained at both wavelengths. The program then calculates the ratio
and plots the log([Ca2+]free) versus the log(bound/free Ca2+) and then calculates the
Kd. Calibration kits can also be purchased from Molecular Probes for determination
of Kd.

7.2 pH

Intracellular pH levels are quantitated using a situ standard curve calibration (Proto-
col 7.3). Intracellular pH is matched to known extracellular values using the ionophores
nigercin and valiomycin in buffers with suitable transmembrane K+ and Na+ gradients
(Table 7.3). Cells are then incubated in ionophores in solutions of increasing pH. It is
preferable to generate a standard calibration curve containing at least four points. This
curve can then be plotted to ensure that a linear relationship has been obtained between
the pH levels and the ratiometric values using regression analysis. Typically, standard
curves should have an r value >.99. This curve can then be used to determine intracel-
lular pH levels in the samples.

Table 7.3. Composition of Calibration Solutions for pH

Component mM g/l

KCl 100 7.455
NaCl 17.1 1.46
Sucrose 75.0 25.68
Hepes 21.0 5.004
Penicillin 100 IU 0.06

The 1-l solution is divided into 200-ml aliquots and each solution adjusted
to the required pH with NaOH. Nigericin is stored as a 10 mg/ml stock in
ethanol at –20°C. For use, 20 ml of this stock is added to 20 ml of calibra-
tion solution. The final concentration of nigericin in the calibration solu-
tion is 10 mg/ml. Valinomycin is stored as a 10 mg/ml stock in DMSO and
stored at 4°C. For use, 10 ml of this stock is added to 20 ml of calibration
solution. The final concentration of valinomycin in the calibration solution
is 5 mg/ml.

www.probes.com
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8. MEASUREMENT OF TRANSPORT SYSTEMS FOR PH
IN MAMMALIAN EMBRYOS

Using the procedures outlined above, it is possible to not only measure absolute con-
centrations of intracellular ions but also to assess the activity and kinetics of specific
transport systems. For example, the activity of the Na+/H+ antiporter can be detected by
determining the Na+-dependent recovery from an acid load (Figure 7.3). This is simply
achieved using a chamber where the solutions can be changed quickly and measure-
ments taken in response to the solution changes. This has been used to determine the
presence and kinetics of transport systems in mammalian embryos (19, 25).

9. CONCLUSIONS

The ability to quantiate intracellular levels of ions throughout preimplantation embryo
development is an exciting and growing field of research. Little is currently known about
the regulation of homeostasis of the mammalian embryo. With the use of ratiometric
fluorescent analysis as detailed in this chapter, developmentally important questions
about the regulation of physiology and biochemistry of the mammalian embryo can now
be answered.

Protocol 7.1. Loading oocytes/embryos with fluorochrome

Purchase the fluorochromes in small aliquots to increase the shelf-life. Most fluoro-
chromes can be purchased in lots of 20 × 50 mg.

1. Dilute fluorochromes in DMSO (purchased in ampules rather than in a large bottle)
and make stocks that are 1000 times the final concentration. This stock solution
can then be pipetted into 10 ml aliquots into sterile eppendorf tubes and stored at
–20°C.

2. Immediately before staining the embryos, remove an aliquot of the fluorochrome
from the freezer and add 1 ml of media to the tube. This media is usually protein-

Figure 7.3. Measurement of the Na+/H+ antiporter in mammalian embryos. An intracellular acid
load is induced by a 10-min pulse of 25 mM NH4

+. Upon removal of the NH4
+, the intracellular

pH is reduced, and Na+-dependent recovery is indicative of the presence of the Na+/H+ antiporter.
The solid line indicates recovery in the presence of Na+. The dotted line indicates recovery in the
absence of Na+. The kinetics of the antiporter can be determined by the rate of recovery from an
acid load in the presence of different concentrations of Na+.
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free to assist later attachment to the microscope slide for measurement. Place the
mixed fluorochrome into an organ-well dish.

3. Add the embryos to the dish containing the fluorochrome for the staining period.
The length of time that embryos are stained needs to be determined for each dif-
ferent fluorochrome (see section 5 of text). If the medium used for staining is a
bicarbonate-buffered medium, the embryos should be placed in the gassed incu-
bator for the staining period. For HEPES/MOPS-buffered media, the embryos can
be stained on a warm stage and kept in the dark by covering with foil. The media
for staining the embryos should be the same as the media that the embryos are to
be measured in.

4. At the end of the staining procedure, wash the embryos twice in the media that
the embryos are to be measured in. They can then be placed into the incubation
chamber for measurement.

Protocol 7.2. Calibration of intracellular calcium levels

1. Load cells with calcium probe and place embryos in chamber where intracellular
measurements are to be taken in base medium. Mimic the measurement condi-
tions wherever possible (e.g., temperature, volumes of fluids to be used).

2. Completely flush chamber with solution A containing a calcium ionophore
(ionomycin or 4-bromo-A-23187).

3. Let the embryos sit for 10 min to equilibrate the intra- and extracellular fluids.
4. Record the fluorescent readings at both wavelengths.
5. Flush the chamber completely with solution B containing a calcium ionophore

(ionomycin or 4-bromo-A-23187).
6. Let the embryos sit for 10 min to equilibrate the intra- and extracellular fluids.
7. These values can then be placed into equation 1 (see text) for the calibration of

all experimental values.
8. Wash chamber, all tubing, and so on, very well, as any traces of the ionophores

will affect subsequent readings.

Protocol 7.3. Calibration of intracellular pH levels

1. Load cells with pH probe and place embryos in chamber where intracellular mea-
surements are to be taken in base medium. Mimic the measurement conditions
wherever possible (e.g., temperature, volumes of fluids to be used, gas phase).

2. Completely flush chamber with the first calibration solution containing the iono-
phores nigercin and valinomycin. Start with the solution at the lowest pH. En-
sure that the range of pH values used for the calibration curve cover the range
of pH values expected within the experiment.

3. Let the embryos sit for 10 min to equilibrate the intra- and extracellular fluids.
4. Record the ratiometric readings.
5. Flush the chamber completely with the next calibration solution also containing

the ionophores nigercin and valinomycin.
6. Let the embryos sit for 10 min to equilibrate the intra- and extracellular fluids.
7. Record the ratiometric readings.
8. Repeat steps 5–7 for all calibration solutions. Calibration curves should ideally

have a minimum of 4 points.
9. Wash chamber, all tubing, and so on, very well, as any traces of the ionophores

will affect subsequent readings.
10. Calculate the linear regression of the ratiometric values obtained with the known

pH values of the solutions and establish that regression values are within ac-
ceptable range (r > .99).

11. This calibration curve can then be used to calculate intracellular pH (Figure p7.1).
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1. MICROFLUOROMETRIC TECHNIQUES

The ability to measure the uptake and production of substrates by single embryos is an
important tool for understanding how embryos control metabolism and embryo produc-
tion. Little is known about the control of metabolism in the mammalian embryo com-
pared to somatic cells or embryos from marine species or Xenopus. One of the main
reasons for this is that the small amounts of material in the early embryo make mea-
surement technically difficult. In recent years microfluorometric techniques have been
developed that are capable of quantitatively analyzing the nutrient uptake and metabo-
lite release from single cells. These techniques are based on miniaturizations of con-
ventional methods of enzymatic analysis and can therefore be adapted to measure a great
variety of metabolites (1–3) (Figure 8.1). An advantage of these procedures over the
radiolabel procedures described in Chapter 9 is that they are totally noninvasive. Thus,
microfluorometric techniques have the potential to be used as viability assays for mam-
malian embryos (2).

In addition, microfluorometry can be used to measure the enzyme activity in a single
cell. It is possible to examine the activity and kinetics of a specific enzyme from a single
oocyte or embryo using these procedures. In this chapter we provide details about how to
use ultra-microfluriometry to measure nutrient uptakes and enzyme activities in mamma-
lian embryos. Additionally, information is provided on how to calculate the kinetic prop-
erties of the enzymes and how to identify the isoforms present using electrophoresis.

2. ULTRAMICROFLUORIMETRY

Microfluorometric techniques developed in the 1980s are capable of quantitatively
analyzing the nutrient uptake and metabolite release from single cells (4). These tech-
niques are miniaturizations of conventional fluorometric methods of enzymatic analy-
sis. Rather than occurring in cuvettes, the assays are scaled down with the use of
micropipettes to measure picomole/femtomole levels of substrates.
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Fluorometric assays are based on the generation or consumption of the reduced py-
ridine nucleotides, NADH and NADPH, in coupled enzymatic reactions. These nucle-
otides fluoresce when excited with light at 340 nm, whereas the oxidized forms, NAD+

and NADP+, do not. Thus, the reaction:

Lactate dehydrogenase
Pyruvate + NADH + H+ → Lactate + NAD+

may be followed by monitoring a drop in fluorescence, or optical density at 340 nm, as
NADH is converted to NAD+. Under specific conditions the levels of change in fluo-
rescence are proportional to the amount of substrate consumed in the reaction, and there-
fore the amounts can be calibrated using standard curves. Reactions are conventionally
carried out in cuvettes and the fluorescence or absorbance measured by a fluorimeter or
spectrophotometer. However, to study single-cell biochemistry, reactions are scaled
down to occur in nanoliter volumes so that substrate levels in the picomole and femtomole
range can be measured.

It is possible to measure any substrate that can be linked to the reaction that contains
pyridine nucleotides or another fluorescent tag (Figure 8.1).

3. EQUIPMENT REQUIREMENTS

Assays for substrate levels and enzyme activity rely on quantiating the fluorescence of
the reduced forms of the pyridine nucleotides (NADH, NADPH) under UV light. There-
fore, the essentials of the equipment for this type of analysis are excitation of a sample
with a mercury lamp so that excitation wavelengths are in the UV range (340 nm), a
diaphragm to limit the excitation and emission to the drops to be analyzed, and quanti-
fication of the low emission levels from the sample. This is best achieved by the use of
a photometer attachment with software that can convert the levels of emission light into
a numerical value. The photometer scale is linear and is expressed in arbitrary units that
can be calibrated using standard curves. Additionally, for the measurement of enzyme
activity the use of an optical switch (as opposed to the use of shutters) is preferable
because it enables real-time continuous kinetic measurement of enzyme activity.

Figure 8.1. Diagram of how substrate uptake and production by embryos can be measured using
ultramicrofluorimetry. Individual embryos are placed in known volumes of defined medium. The
uptake of a substrate can be determined by measuring its rate of disappearance from the medium,
whereas the production of a metabolite can be measured by its rate of appearance in the medium.
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Additional equipment to the fluorimetry measurement system that are required are a
micromanipulator and stereo microscope for manipulation of micropipettes, a warm stage
for embryos, and a warm stage on fluorimetry equipment for measurement of enzyme
activities.

4. MICROPIPETTES

For analysis of substrate uptakes, metabolite production, or enzyme activity by embryos,
the conventional assays are scaled down to occur in submicroliter volumes. The sub-
microliter volumes are manipulated by specially constructed constriction micropipettes.
These pipettes are made from borosilicate glass capillaries (o.d. 1.0 mm, i.d. 0.8 mm)
pulled over a flame to produce an inner diameter of 50–100 mm. The tubing is snapped
in half and a small hook made on each end. Using a microforge, a constriction is made
in the glass by placing the heated filament close to the glass capillary. A small weight
(paperclip) is then placed onto the end of the hook of the capillary, and the tip is made
by again heating the glass with the microforge filament. As the glass heats up, the weight
will result in the glass pulling to a tip. The tip can then be broken using a pair of watch-
maker’s forceps. The size of the tip and constriction will control the speed and accu-
racy at which the pipette can be filled. The glass pipettes are mounted in 16-gauge
stainless-steel tubing and sealed using sealing wax. Filling and expelling fluids from
the pipettes is achieved using an air-filled syringe attached to the pipette via thin tub-
ing. Before use, the micropipettes are siliconized to make manipulation of fluids easier
(Figure 8.2). The volume of the pipettes between the tip and the constriction is calibrated
using tritiated water. The pipettes are then held in a micromanipulator and the volumes
manipulated under a microscope. Using this procedure, it is possible to accurately pi-
pette volumes in the nano- and picoliter range (4).

5. NUTRIENT ASSAYS

The assays are housed in submicroliter droplets on siliconized microscope slides under
heavy mineral oil (heavy white grade, Sigma Chemical Co., St. Louis, MO). For each
assay, reagent cocktail solutions are prepared that contain a buffer and all of the co-
factors and enzymes needed for the reaction (see Protocols 8.1–8.5). Typically, 10- to
20-nl drops (depending on the substrate to be analyzed) of this reagent cocktail are placed
onto a siliconized slide under the mineral oil. The fluorescence of each droplet is mea-
sured in turn using a 20× objective by exposing the pyridine nucleotides in the cocktail
to the UV light source. Drops are routinely exposed for up to 0.25 s because there is no
detectable photo-oxidation of NADH or NADPH during this time.

Following this initial determination of fluorescence, a 1- to 5-nl sample (depending
on the substrate to be analyzed) is added to the reagent cocktail drop. The addition of

Figure 8.2. Micrograph of a 1nl microconstriction pipette.
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the substrate initiates the reaction. The drops on the slide are then left until the reaction
has gone to completion. This time can vary between 3 min and 1 h depending on the
substrate to be analyzed. (This must be determined for each assay for a substrate by
taking readings over time to determine when the reaction has reached completion.) The
fluorescence of the drops is again determined. The change in fluorescence between the
reagent cocktail drop before and after addition of the sample should be linear within
the concentrations to be assessed. This is determined with a set of standards run on each
day of experiment. Unlike spectrophotometric assays, the Beer-Lambert law does not
hold for fluorescence microscopy. Therefore it is necessary to run a new set of stan-
dards with each day of experiment and to redetermine that the fluorescence range is
linear within the concentration of the substrate. An acceptable linear regression value is
typically R > .99 (Figure 8.3). Once a linear standard curve has been achieved, the con-
centration of substrates from samples can be calculated from this curve. The reactions
and assay conditions for assays for pyruvate, lactate, glucose, ammonium, and glutamine
are shown in Protocols 8.1–8.5.

6. MEASUREMENT OF NUTRIENT UPTAKES
BY INDIVIDUAL EMBRYOS

Embryos are incubated in a medium containing the substrates for measurement at lev-
els typically between 0.5 and 1.0 mM. This medium can either be bicarbonate buffered,
in which case the incubation must occur in the CO2 incubator, or HEPES/MOPS buff-
ered, in which case the incubation can occur on a calibrated heating stage. Embryos are
typically incubated in this medium for 1–4 h depending on the volume of the drop and
the stage of embryo to be analyzed. For all uptake experiments, linear rates of uptakes
should be determined whenever possible. This measurement will ensure that there are
not alterations in substrate uptake or metabolite release as a result of the culture condi-
tions. It has been demonstrated that the culture environment can significantly alter glu-
cose metabolism in just 3 h (5).

For incubation of the embryos, drops of metabolic incubation medium are placed
under oil in a dish. Use dishes with low sides, or use the lid of a 35-mm Petri dish. For
mouse embryos it is typical to incubate embryos in drops of medium in the 20–50 nl
range, while for domestic animal embryos or human embryos volumes of 200 nl to 1 ml
are used. Wash embryos well in the metabolic incubation medium to ensure there is no
carryover of substrates to the small incubation drops. The embryos are then picked up
in a very small amount of volume using a pulled pipette just larger than the embryos.

Figure 8.3. Standard curve for pyruvate. Levels of pyruvate in a sample can be assessed by a
linear decrease in fluorescence with an increase in pyruvate concentration.
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This will ensure that there is a minimal carryover of extra volume into the drops (6).
The amount of volume that is carried over into the drops can be determined using triti-
ated water.

For determination of linear rates of uptakes or production, serial samples are taken
at 20–45 min intervals. A minimum of three readings is required to determine linear
rates. For endpoint determinations, an extra three or four drops of medium alone should
be included in the incubation to determine the exact amounts of nutrients that were present
in the medium and to control for any breakdown that may have occurred during the
incubation period. Ensure that the concentration of substrate to be measured does not
fall below the Km of the transport system for the substrate. If the samples are not to be
analyzed immediately, the embryos can be removed from the drops at the end of the
incubation and the media taken up in 1–5 ml capillary tubes surrounded by oil on each
end to avoid evaporation. These can then be stored in plastic insemination straws and
stored at –80°C. There is negligible breakdown of most substrates during storage for
several days under these conditions.

7. ENZYME ANALYSIS

Energy metabolism is controlled by precise regulation of a large number of enzymes.
Cells can control the function of enzymes by regulating the availability of cofactors and
substrates and by feedback inhibition. Such dynamic changes in metabolic regulation
rarely occur by regulating mRNA expression levels or by protein synthesis. Cells can
also regulate enzyme activity by changing the isoform of an enzyme. As different
isoforms have different kinetic properties, changes in the abundance of a particular
isoform can also regulate the flux of a substrate through an enzyme and therefore con-
trol pathway activity. Therefore the analysis of enzymes and their kinetics is fundamental
to understanding how cells regulate their metabolism and development. Compared to
somatic cells, our knowledge of the regulation of enzymes in embryos and how they
control metabolism is quite limited. Most of the studies that have been performed have
only established the presence of the enzymes and their maximal activity in the presence
of nonlimiting conditions (zero-order kinetics). Most often this analysis has been a single
reading at the end of an extended incubation and has not used continuous kinetic analy-
sis. The reason for this is the small amount of material present in embryos, which has
necessitated the use of complicated procedures such as enzyme cycling to detect en-
zyme activity (7–9). However, in more recent years, with the further development of
microfluorimetry procedures and the increased sensitivity of fluorescence equipment,
particularly those with optical switches, it is now possible to establish the kinetics (Km,
Vmax) of both cytoplasmic and mitochondrial enzymes in single cells. The procedures
described below outline how to determine the kinetic activity of a single enzyme from
either a single cell or embryo.

8. ENZYME KINETICS

Enzyme kinetics can be complicated by the various control mechanisms in a cell such
as feedback inhibition. The measurement of enzyme activity and establishment of ki-
netic data can be simplified by making the measurement conditions such that these control
mechanisms are eliminated in the measurement conditions. For the assays and proce-
dures listed below, continuous kinetic analyses are used in zero-order kinetics to estab-
lish enzyme activity. Using this type of analysis, a single factor (such as the concentration
of the substrate or the level of an effector) can be altered in the assay conditions, and
the direct effect on enzyme activity can be determined.
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Two parameters, Km and Vmax, describe the kinetic properties of an enzyme. The Km of
an enzyme is the concentration of the substrate that enables the enzyme to function at half-
maximal activity and is therefore a measure of the specificity of a substrate for the enzyme.
For example, the Km of lactate dehydrogenase for pyruvate in mouse embryos is 0.23 mM
(10). The lower the Km for a substrate, the higher the specificity of the substrate for the
enzyme. Different isoforms of an enzyme have differing values of Km for a given substrate.
Therefore, a change in Km can indicate a change in the relative abundance of different
isoforms that can alter pathway activity. For example, the glycolytic enzyme hexokinase IV
(glucokinase), which is the isoform predominantly found in the liver, has a Km about 250
times higher (~ 10 mM) than the isoforms I–III. Isoform IV is able to control metabolism
in the presence of very high concentrations of glucose that may arise in the liver.

The Km for hexokinase in mouse embryos changes from the zygote to the blastocyst
stage, indicating a change in the distribution of different isoforms in the embryo as
development proceeds (11). This change in enzyme isoform may enable the embryo to
alter the activity of the glycolytic pathway. The second parameter that characterizes the
kinetics of an enzyme is Vmax or maximal velocity. Both Km and Vmax are determined by
establishing the activity of the enzyme at different substrate concentrations using con-
tinuous rate measurements (see below). The significance of determining enzyme kinet-
ics is that Km and Vmax can establish the specificity of an enzyme for its substrates and
determine the type of reaction that the enzyme controls between steady-state and equi-
librium control. This information thereby enables one to determine the contribution of
the particular enzyme to the control of a metabolic pathway.

Continuous rate measurement and establishment of kinetics has rarely been performed
for enzymes in the mammalian embryo. Instead, velocity has been reported at a single
concentration of substrate after several minutes (9, 12–19). Although this measurement
ascertains that there is some activity of the enzyme, it tells little about the actual activity
of the enzyme and tells nothing about its regulation or importance in the regulation of
overall pathway activity. For most enzymes in the mammalian embryo, this highly valu-
able information is yet to be collected. Measurement of the actual kinetics of an en-
zyme will provide information about the action of an enzyme within a pathway. Further,
it can establish how the enzyme’s activity changes in response to changes in substrate
availability and the presence or absence of specific effectors (10). This information
is essential for understanding how the embryo controls the changes in metabolic activ-
ity from a carboxylic acid-based metabolism at the zygote stage to a glucose-based
metabolism at the blastocyst stage throughout development.

9. ANALYSIS OF ENZYME ACTIVITY IN EMBRYOS

Activity and kinetics of enzymes in individual cells/embryos can be assessed using
ultramicrofluorometric analysis. Similar to the nutrient assays described above, the
analysis of enzymes are based on the consumption or production of the pyridine nucle-
otides NAD(P)H/NAD(P)+ in coupled reactions. The equipment required for the mea-
surement of enzyme activity is similar to that listed in section 3. However, for enzymes
it is desirable for the equipment to have an optical switch that can control the levels of
exposure of the samples to UV light to nanoseconds and also therefore able to measure
real time enzyme activity.

This type of analysis has been used to determine the kinetics of lactate dehydroge-
nase (LDH) in the preimplantation mouse embryo (10) and will be used as an example
in this chapter. However, numerous enzymes can be measured in the same fashion by
coupling the reactions to the pyridine nucleotides. Fluorescent assays for many enzymes
can be found in Bergmeyer and Gawehn (1). Similar to the assays for assessing sub-
strate concentrations, these reactions can then be scaled down to measure the activity in
single cells using specially constructed micropipettes.
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9.1 Extraction of Enzymes

Enzymes are extracted from individual or groups of embryos using the same procedure.
The enzymes are extracted by freezing and thawing the embryos in an extraction buffer
(19). A detailed description of the extraction procedure used in our laboratory is shown
in Protocol 8.6. This extraction procedure, coupled with the ultra-miroflurometric assay,
results in dilution of the cell lysate, which makes endogenous regulators ineffectual.
Thus the enzyme/factor of interest can be measured without the need to do extensive
purifications that would require a large amount of material.

9.2 Analysis of Enzyme Activity

For each enzyme to be analyzed, a reagent cocktail is prepared in a buffer with the op-
timal pH and concentrations of substrates and cofactors to ensure zero-state kinetics (i.e.,
all factors are in excess compared to activity of the enzyme to be measured). The com-
position and preparation of the reagent cocktail for LDH is described in Protocol 8.7. In
addition, a reagent cocktail without substrate is prepared as a control to establish baseline
autofluroscence and changes in fluorescence.

For kinetic analysis, the reagent cocktail is prepared with four to six different sub-
strate concentrations (see Protocol 8.7). In addition, a standard must be prepared for
each day of experimentation to calibrate and calculate the consumption or production
of the pyridine nucleotides.

For all enzymes to be measured, the activity of the assay should be validated by de-
termining the activity of an enzyme standard. Standards can be purchased from several
suppliers with actual activities of the lot of enzyme provided (e.g., Roche, Sigma). Using
the procedure outlined below, a dilution of the purified enzyme (for LDH 1:2000 dilu-
tion) can be substituted for the embryo sample and activity measured. The specific ac-
tivity can then be calculated and compared with the activity provided by the supplier to
validate the assay.

9.3 Measurement of LDH Activity

The Km and Vmax for pyruvate of LDH is measured using the following reaction. LDH
activity can be followed by a decrease in fluorescence over time as the fluorescent NADH
is oxidized to NAD+.

LDH
Pyruvate + NADH + H+ → Lactate + NAD+.

Enzyme extracts are thawed and expelled onto a siliconized glass slide under mineral
oil. The extract should be kept on ice until all assays are completed. The assays are housed
in droplets under mineral oil on siliconized glass slides. All enzyme activity should be
measured at 37°C. This reaction drop is incubated at 37°C for at least 2 min before the
initiation of the reaction by the addition of preequilibrated enzyme (sample) or substrate.
Upon initiation of the reaction, the change in fluorescence is monitored for several
minutes until the reaction has reached a plateau.

A standard curve of NAD(P)H is run before enzyme samples to enable calibration.
For LDH a standard curve of NADH concentrations of between 0 and 0.1 mM is used.
Standard curves should have a minimum of four concentrations to determine the linear
regression with the fluorescence obtained. A linear regression value of R > .995 is ad-
visable to ensure that the calibration will result in accurate enzyme activities.

The change in fluorescence can then be calculated in units of pyridine nucleotide
from the standard curve, taking into account the rate of any autofluorescence that may
have resulted from the exposure to UV light. This rate of NAD(P)H consumption or
production is then plotted against time.
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Figure 8.4. Calculation of activity of lactate dehydrogenase. Rates of NADH consumption are
determined over a range of pyruvate concentrations, 0.6 mM, 0.3 mM, 0.15 mM, and 0.075 mM.
The velocity of lactate dehydrogenase activity is determined by plotting a tangent to the initial
velocity and is measured as picomoles NADH consumed/hour.

To assess the kinetics of the enzyme, this is repeated on each sample at different
substrate concentrations. For determining the Km of an enzyme, use 4–6 concentrations
to obtain accurate calculations.

From each embryo sample, it is possible to obtain six different enzyme activity curves
for the six different concentrations used (Figure 8.4). These data can then be used to
determine a Vi for each concentration. This is the initial velocity(Vi) of the enzyme and
can be determined by drawing a tangent to the initial linear portion of the curve. It can
be seen from the example in Figure 8.4 that this type of analysis yields vastly different
results from endpoint calculations taken after several minutes. Using this approach a Vi

can be obtained for each of the substrate concentrations used. This can then be plotted
as Vi against substrate concentration. This graph will produce a Michaelis-Menton plot
where the velocity of the reaction is dependent on the substrate concentration.

Vi = Vmax[S]
,

Km + [S]

This confirms that the zero-order kinetics was correct and that there was no carryover
of endogenous regulators. However, it is not possible to determine Km or Vmax from
these plots. Instead, to determine the kinetic parameters of the enzyme, the equations
must be transformed to give either a Lineweaver-Burk or Eadie-Hofstee equations that
result in convenient graphical representation of the data that enables easy calculation
of Vmax and Km.

The Lineweaver-Burk plot is the most straightforward of these equations. This re-
sults in a double-reciprocal graph that plots 1/Vi against 1/[S]. The slope of this graph is
Km/Vmax, and the x-intercept gives –1/Km and the y-intercept gives 1/Vmax (see Figure 8.5).
This procedure relies on few assumptions and therefore is beneficial over the least square
means analysis, which makes assumptions that are difficult to verify with the small
amount of enzyme available from a single embryo.

Using this analysis it is possible to determine a Km and Vmax for an enzyme for each
individual embryo. The parameters of Km and Vmax are important because they provide
information such as
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1. Determining if there are changes in enzyme isoforms
2. Characterizing the specificity of an enzyme for a substrate (ratio of Vmax/Km is

highest for the substrate with the highest specificity)
3. Deciding between steady-state and equilibrium mechanisms
4. Assessing the type of inhibition by negative effectors
5. Indicating the role of an enzyme in metabolism (by relating the Km to the con-

centration of substrate present in the cell, it is possible to determine the relative
activity of the enzyme present).

10. DETERMINATION OF ENZYME ISOFORMS

Many enzymes have different forms, or isoforms. Isoforms arise from genetically de-
termined differences in amino acid sequences. Different isoforms of the enzyme have
different kinetic properties, and therefore a change in the isoform present can change
the flux through an enzyme and therefore pathway activity. Therefore, the determina-
tion of which isoform of an enzyme that is present in a cell is essential for the interpret-
ing and understanding the control of pathway activity. For embryos, there is little
information about the isoform of an enzyme that is present throughout development.
The most notable exception is for LDH, which was first shown to change from isoform
I (heart type) during the preimplantation period in the mouse to isoform V (muscle form)
during the peri-implantation period more than 30 years ago (20, 21).

Different isoforms of an enzyme can be separated by electrophoresis. Isoforms are
named based on the extent of migration in an electric field, starting with the species
with the greatest mobility toward the anode. In this manner it is possible to distin-
guish between isoforms in different tissues/embryos by examining their migration by
electrophoresis.

For embryos, we have found that the best procedure for separation of isoforms is
electrophoresis in a 6% acrylamide gel (Protocol 8.8), followed by a staining protocol
customized for the individual enzyme using either tetrazolium or diazonium salts. Two
extensive books have been published that contain staining protocols for a wide variety
of enzymes that can be used for staining isoforms of embryos (22, 23). This method of
staining is based on the detection of the activity of the enzymes themselves. Therefore,

Figure 8.5. Lineweaver-Burk plot for determination of Km. Rates of lactate dehydrogenase ac-
tivity at increasing levels of pyruvate are plotted on a double reciprocal plot. The linear regres-
sion of this line is r = .998. The equation of the line is y = 0.049x + 0.53. The y-intercept of graph
the 1/Vmax, and the x-intercept is –1/Km.
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it is not necessary to purify the sample because only the reaction specific to the enzyme
of interest will stain on the gel. This approach enables the detection of isoform patterns
of embryos. An example of the staining procedure for LDH is shown in Protocol 8.9.
We have successfully used these protocols for staining isoforms for many different
enzymes and for distinguishing between cytosolic and mitochondrial enzymes.

Protocol 8.1. Preparation of pyruvate assay reagents and standards

LDH
Pyruvate + NADH + H+ → Lactate + NAD+

Buffer

2.52 g EPPS
10 mg penicillin
10 mg streptomycin

Make up to 200 ml and adjust pH to 8.0 with 1 M NaOH.

Reagent cocktail (can be frozen in aliquots)

14 ml Buffer
0.3 ml 5 mM NADH
0.4 ml lactate dehydrogenase

Make 5mM NADH by adding 17.7 mg in 5 ml water.

Standard curve preparation

Prepare a 1 mM pyruvate solution by dissolving 0.0110 g pyruvate in 100 ml water. Se-
rially dilute the 1 mM pyruvate solution to give final concentrations of 0, 0.0625, 0.125,
0.25, and 0.5 mM. Prepare these solutions daily and use to generate a standard curve.

Protocol 8.2. Preparation of lactate assay reagents and standards

LDH
Lactate + NAD+ → Pyruvate + NADH + H+

Buffer

7.5 g glycine
5.2 g hydrazine
0.2 g EDTA

Dissolve in 49 ml of water; add 51 ml 2 M NaOH.

Reagent cocktail (prepared day of assay)

0.45 ml Buffer
0.40 ml Water
25 ml lactate dehydrogenase
75 ml NAD+ solution

Make the NAD+ solution 40 mg/ml and store as 75 ml aliquots in freezer.

Standard curve preparation

Prepare a 1 mM lactate solution by dissolving 0.0112 g lactate in 100 ml water. Seri-
ally dilute the 1 mM lactate solution to give final concentrations of 0, 0.0625, 0.125,
0.25, and 0.5 mM. Prepare these solutions daily and use to generate a standard curve.
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Protocol 8.3. Preparation of glucose assay reagents and standards

Hexokinase
Glucose + ATP → glucose-6-phosphate + ADP

Glucose-6-phosphate dehydrogenase
Glucose-6-phosphate + NADP+ → 6-phosphogluconate + NADPH + H+

Buffer

2.52 g EPPS
10 mg Penicillin
10 mg Streptomycin

Make up to 200 ml and adjust pH to 8.0 with 1 M NaOH.

Reagent cocktail (can be frozen in aliquots)

15 ml Buffer
2 ml 5 mM DTT
2 ml 37 mM MgSO4

1 ml 10 mM ATP
3 ml 10 mM NADP
1 ml hexokinase/glucose-6-phosphate dehydrogenase

Standard curve preparation

Prepare a 1 mM glucose solution by dissolving 0.0180 g glucose in 100 ml water. Seri-
ally dilute the 1 mM glucose solution to give final concentrations of 0, 0.0625, 0.125,
0.25, and 0.5 mM. Prepare these solutions daily and use to generate a standard curve.

Protocol 8.4. Preparation of ammonium assay reagents and standards

Glutamate dehydrogenase
a-ketoglutarate + NADH + H+ → Glutamate + H2O + NAD+

Buffer

9.3 g triethanolamine (TEA)-HCL
95 mg ADP
670 mg a-ketoglutarate

Dissolve in 70 ml water; adjust pH to 8.0 with 5 M NaOH. Make up to 100 ml.

NADH solution

10 mg NADH
20 mg NaHCO3

Dissolve in 2 ml water.

Reagent cocktail (prepared day of assay)

250 ml Buffer
500 ml Water

Compound Dilution

5 mM DTT 7.72 mg in 10 ml water
37 mM MgSO4 91.2 mg in 10 ml water
10 mM ATP 30.3 mg in 5 ml water
10 mM NADP+ 39.4 mg in 5 ml water
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25 ml glutamate dehydrogenase
25 ml NADH solution

Standard curve preparation

Prepare a 10 mM ammonium chloride solution by dissolving 0.053 g ammonium chlo-
ride in 100 ml water. Dilute by adding 1 ml of the 10 mM solution to 9 ml of water.
Serially dilute the 1 mM solution to give final concentrations of 0, 0.0625, 0.125, 0.25,
and 0.5 mM. Prepare these solutions daily and use to generate a standard curve.

Protocol 8.5. Preparation of glutamine assay reagents and standards

Step 1

Glutaminase
Glutamine + H2O → Glutamate + NH3

Buffer

6.8 g sodium acetate in 100 ml H2O
2.9 ml acetic acid in 97.1 ml H2O 2.9

Mix 68 ml of sodium acetate with 32 ml of acetic acid. Check that the pH is 5.0.

Reagent cocktail

40 ml Buffer
20 ml Water
20 ml Glutaminase

Dissolve 0.5 mg glutaminase into 1 ml of acetate buffer and freeze in aliquots
at –20°C.

Step 2

Glutamate dehydrogenase
Glutamate + H2O + NAD+ → a-ketoglutarate + NADH + NH4

+

Buffer

7.5 g glycine
5.2 g hydrazine
0.2 g EDTA

Dissolve in 49 ml of water, add 51 ml 2 M NaOH.
For 33.5 mM ADP, add 14.3 mg ADP in 1 ml water. For 27 mM NAD+, 18.0 mg in

1 ml water.

Reagent cocktail

200 ml Buffer
20 ml NAD+

10 ml ADP
50 ml glutamate dehydrogenase

Standard curve preparation

Prepare a 1 mM glutamine solution by dissolving 0.0147 g glutamine in 100 ml water.
Serially dilute the 1 mM glutamine solution to give final concentrations of 0, 0.0625, 0.125,
0.25, and 0.5 mM. Prepare these solutions daily and use to generate a standard curve.
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Protocol 8.6. Enzyme extraction from embryos

Extraction buffer

100 mM K2HPO4

30 mM KF
1 mM EDTA
5 mM b-mercaptoethanol
2 g/l BSA

Adjusted to pH 7.5.

Phenylmethylsulfonyl fluoride (PMSF) stock

Dissolve 10 g/l PMSF in ethanol and store at 4°C. Immediately before use, add 50 ml of
the PMSF stock to 950 ml of the extraction buffer.

1. Wash individual or groups of embryos in saline supplemented with 4 mg/ml BSA.
2. Transfer embryos in a minimal amount of volume (<1 ml) into a 500 ml drop of

the extraction buffer.
3. Pick up embryos in a 200-nl to 1-ml drop of the extraction buffer and place the

drop containing the embryos under oil.
4. Using a washed glass capillary (1–5 ml, Drummond) take up the drop containing

the embryo surrounded on either end with oil, which will prevent evaporation.
5. Seal the glass capillary within a plastic insemination straw and kept frozen at

 –80°C until analysis.

Note: For some enzymes such as phosphofructokinase the enzyme is not stable stored
at –80°C and therefore should be immediately thawed and analyzed.

Protocol 8.7. Preparation of lactate dehydrogenase reagents and standards

Buffer

K2HPO4 34.0 mM
KH2PO4 7.3 mM

For kinetic analysis, prepare 5 solutions containing pyruvate:

1. 100 ml buffer containing 1.25 mM pyruvate
2. 100 ml buffer containing 0.63 mM pyruvate
3. 100 ml buffer containing 0.31 mM pyruvate
4. 100 ml buffer containing 0.16 mM pyruvate
5. 100 ml buffer containing 0.0.8 mM pyruvate

NADH solution

Prepare the 11.3 mM NADH solution fresh daily. Add 9.3 mg NADH and 10 mg
NaHCO3 to 1 ml of water and dissolve.

Assay cocktail

For each buffer solution, a cocktail solution is prepared consisting of 1 ml buffer and
5 ml NADH solution.

Standard curve preparation

Prepare a 10 mM NADH solution by dissolving 7.1 mg NADH into 1 ml water. Dilute
by adding 10 ml of 10 mM solution to 990 ml of water to give a 100 mM NADH solu-
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tion. Serially dilute the 100 mM NADH solution to give final solutions of 0, 3.125 mM,
6.25 mM, 12.5 mM, 25.0 mM, 50 mM, and 100 mM. Prepare these solutions daily and
use to generate a standard curve for calibration of lactate dehydrogenase activity.

Protocol 8.8. Preparation of a 6% acrylamide gel

Running buffer

Dissolve 4 g glycine and 1.2 g Tris base in 2 l water and adjust pH to 8.3. Run gel at
40 amps (around 250 V) for 1.5 h. Keep the gel cool by either running in the cold room
or by cooling with cold water.

Protocol 8.9. Staining solution for lactate dehydrogenase isoforms

Staining of the gel relies on the activity of the enzyme. The gel is stained using the dye
combinations of tetrazolium salt nitro-BT.

Phenazine methosulfate (PMS) acts by accepting a hydrogen from the NADH and
passing it to the tetrazolium salt nitro-BT. When the nitro-BT is reduced, the dye is blue-
black, and therefore wherever there is LDH activity it will appear as a blue-black band.

Staining solution

0.2 M Tris-HCl buffer, pH 8.0
0.5 M lactate
10 mg/ml NAD+

1 mg/ml nitro-BT
2.5 mg/ml PMS

Incubate gel in staining solution for about 1 h in the dark at 37°C or until bands
appear.

Component 10 ml 20 ml 30 ml 50 ml

H2O 5.3 10.6 15.9 26.5
30% Acrylamide mix 2.0 4.0 6.0 10.0
1.5M Tris base (pH 8.8) 2.5 5.0 7.5 12.5
10% Ammonium persulfate (w/v) 0.1 0.2 0.3 0.5
TEMED 8 ml 16 ml 24 ml 40 ml

Mix all the solutions except for the TEMED into a glass flask. Add the TEMED immediately before
the gel is poured.

Lactate Pyruvate

NAD+ NADH + H +

Nitro-BTFormazan

(blue/black color)

LDH

PMS
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DON RIEGER

Metabolic Pathway Activity

154

1. SIGNIFICANCE OF METABOLISM IN EMBRYO DEVELOPMENT

The early development of the mammalian embryo is directed by its inherent genetic
programming and affected by its environment. Both the genetic program and the envi-
ronment act as stimuli to the early embryo to induce developmental responses, initially
in its intracellular biochemical activity, and ultimately in cell division, differentiation,
and function. Techniques for manipulating gene expression and development, such as
gene transfer, cloning, IVF, ICSI, and culture, similarly act as stimuli to induce the desired
biochemical and developmental responses.

Whatever the source of the stimulus, genetic or environmental, natural or artificial,
one or more intracellular processes are required to produce a developmental response.
As illustrated in Figure 9.1, the pathway between the stimulus to a cell and its response
can include any or all of transcription, translation, post-transitional modification, and
export, activation, and function of an enzyme or other protein. Directly or indirectly, all
of these processes rely on energy metabolism to provide cellular energy in the form of
ATP, reducing equivalents in the form of NADH and NADPH, and precursors for the
synthesis of macromolecules.

Consider, for example, the transcription of a 1200-nucleotide strand of mRNA. This
would require the anaerobic metabolism of 5250 molecules of glucose for the produc-
tion of approximately 10,500 ATP molecules for nucleotide synthesis and a further 1200
molecules of glucose to provide the ribose moieties. A single translation of that mRNA
strand into a 400-amino-acid polypeptide would require 1200 ATP molecules, repre-
senting the anaerobic metabolism of 600 molecules of glucose. Large amounts of ATP
are similarly required for DNA and lipid synthesis during cell division and for the ac-
tivity of the sodium–potassium ATPase pump during formation of the blastocoele.

The energy metabolism of the early mammalian embryo can be studied indirectly by
culture in varying concentrations and combinations of energy substrates. A more direct
approach is to measure the disappearance of substrates from, and the release of meta-
bolic products into, the medium. The breakdown or incorporation of radiolabeled sub-
strates can be used to measure the activity of specific metabolic pathways, and the activity
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of specific enzymes can be measured in broken-cell preparations (see Rieger [1]). The
technique described here is used to measure the production of 14CO2 and 3H2O from
14C- and 3H-labeled energy substrates by intact embryos, and the discussion will be lim-
ited to studies that have used that approach. More comprehensive reviews of embryo
metabolism can be found elsewhere (2–7).

2. LABELED SUBSTRATES USED TO EVALUATE ENERGY
METABOLISM PATHWAYS

Figure 9.2 shows the relationships among the carbon atoms of glucose, pyruvate, and
lactate. Glucose can be metabolized through the pentose-phosphate pathway (PPP) to
produce ribose, with a concomitant release of carbon-1 (C-1) as CO2. When metabo-
lized through the Embden-Meyerhof pathway (EMP) of anaerobic glycolysis, each
molecule of glucose produces two molecules of pyruvate. Glucose C-1 and C-6 become
pyruvate C-3, glucose C-2 and C-5 become pyruvate C-2, and glucose C-3 and C-4
become pyruvate C-1. Pyruvate and lactate are interconvertible, and the carbons retain
the same numbers. Pyruvate C-1 (from glucose C-3 and C-4) is released as CO2 in the
conversion of pyruvate to acetyl-CoA by pyruvate dehydrogenase. The two carbons of
acetyl-CoA (from glucose C-1, C-2, C-5, and C-6, or pyruvate C-2 and C-3) are released
as CO2 after two or more cycles through the mitochondrial Krebs cycle of oxidative
metabolism. The hydrogen on glucose C-5 is released as H2O in the conversion of
2-phosphoglycerate to phospho-enolpyruvate, the second to last step in the EMP. Gluta-
mine is converted to glutamate and then to a-ketoglutarate, and its carbon and hydro-
gen atoms are released as CO2 and H2O in the Krebs cycle and electron transport chain,
respectively.

Given these relationships, it is possible to evaluate the activity of the PPP, the EMP,
and of mitochondrial oxidative metabolism by measuring the production of 14CO2 and
3H2O from 14C- and 3H-labeled energy substrates. The production of 3H2O from
[5-3H]glucose is a simple measure of the activity of the EMP and can be confirmed using
iodoacetate, an inhibitor of aldolase.

The production of 14CO2 or 3H2O from 14C- or 3H-labeled glutamine is a measure of
the activity of the Krebs cycle and can be confirmed using 2,4–dinitrophenol, an indi-
rect stimulator of the cycle, malonate, an inhibitor of the cycle; or inhibitors of the elec-
tron transport chain such as antimycin-A, rotenone, sodium azide, and cyanide. The
activity of the Krebs cycle can also be measured using [6-14C]glucose, [2-14C]pyruvate
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Figure 9.1. The mechanisms involved in the response of a cell to a stimulus.
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or, [2-14C]lactate, and [1-14C]pyruvate or [1-14C]lactate can be used to evaluate the ac-
tivity of pyruvate dehydrogenase.

The evaluation of the PPP is more difficult. Because glucose C-1 is released as CO2

in both the PPP and Krebs cycle, whereas C-6 is released as CO2 only in the Krebs cycle,
the ratio of 14CO2 produced from [1-14C]glucose to that produced from [6-14C]glucose
(the C-1/C-6 ratio) has been used as a measure of the relative activity of the PPP. Due
to the possibility of recycling of the products of the PPP to fructose and rearrangement
of the carbon atoms, this approach is highly questionable (8, 9). However, if the ratio is
very high (10:1 or more), it is reasonable to assume that production of 14CO2 from
[1-14C]glucose is a reliable measure of PPP activity. This can be confirmed using bril-
liant cresyl blue or phenazine ethosulfate, stimulators of the PPP.

The production of 14CO2 from [U-14C]glucose may reflect the activity of any or all
of the PPP, pyruvate dehydrogenase, and the Krebs cycle and has been used as a mea-
sure of the total metabolism of glucose. The production of 14CO2 from [U-14C]lactate
similarly reflects the activity of both pyruvate dehydrogenase and the Krebs cycle.

To my knowledge, the first report of the metabolism of radiolabeled substrates by
the mammalian embryo was that of Fridhandler (10), who adapted the manometric
Cartesian diver to measure the production of 14CO2 from [1-14C]glucose or [6-14C]glucose
by rabbit embryos. The C-1/C-6 ratio was high before the blastocyst stage (as much as
20:1), suggesting that glucose metabolism was mainly by the PPP. After formation of
the blastocyst, the ratio decreased to approximately 1:1, suggesting that glucose was

Figure 9.2. The fate of the carbon atoms of glucose, pyruvate, and lactate metabolized through
the Embden-Meyerhof pathway (EMP), the pentose-phosphate pathway (PPP), and the Krebs
cycle (KC). Broken lines indicate two or more reactions.
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metabolized through the Embden-Meyerhof pathway and the Krebs cycle. In the mouse
embryo, the production of 14CO2 from [U-14C]glucose increased almost 5-fold between
the unfertilized and fertilized ovum and 100-fold from the unfertilized ovum to the blas-
tocyst stage (11). The C-1/C-6 ratio was significantly >1 at all stages, but the maximum
was 2.33, at the two-cell stage. A similar study of the rabbit embryo (12) showed that
the production of 14CO2 from [U-14C]glucose was not different between the unfertilized
and fertilized ovum but increased 8000-fold by the day-6 blastocyst stage. The
C-1/C-6 ratio was high until the morula stage and then dropped to approximately 1.5
thereafter. In addition to defining the basic pattern of glucose metabolism during the
early development of mammalian embryos, these studies demonstrated that glucose me-
tabolism differs significantly between embryos of different species.

Menke and McLaren (13) compared the production of 14CO2 from [U-14C]glucose
by mouse blastocysts that had been cultured from the eight-cell stage or recovered from
the uterus. They found that glucose metabolism by cultured blastocysts was generally
greater that that by the uterine blastocysts and was increased by including fetal calf serum
in the culture medium. These results demonstrated that the prior environment of the
embryo can affect glucose metabolism.

The uptake of [U-14C]malate, a Krebs cycle intermediate, and its metabolism to 14CO2,
was significantly greater by eight-cell mouse embryos than by two-cell embryos, sug-
gesting that the cell membrane becomes permeable to malate between the first and third
cleavage divisions (14). Conversely, the two-cell mouse embryo could produce 14CO2

from [1-14C]pyruvate, [2-14C]pyruvate, [1-14C]lactate, and [2-14C]lactate, and the amount
of 14CO2 produced from C-1 was two- to threefold greater than that produced from
C-2 (15). These results demonstrated that the Krebs cycle was active in the two-cell mouse
embryo but that a significant portion of the amount of pyruvate that was converted to
acetyl-CoA did not enter the Krebs cycle. It is important to note that the observation
that little glucose carbon passes through to the Krebs cycle in the two-cell mouse em-
bryo (11) is not inconsistent with the observation that 14CO2 is produced from
[2-14C]pyruvate, because the intracellular concentration of pyruvate being taken up from
the medium is likely much greater than that arising from the metabolism of glucose.
Further reports of the energy metabolism of mouse and rabbit embryos continued spo-
radically throughout the 1970s and are covered elsewhere (2–7).

Interest in the energy metabolism of early embryos was stimulated by the advent of
commercial embryo transfer in cattle and by the observation that the uptake of glucose
by day-10 and day-11 cattle embryos was directly related to their development to term
after transfer to recipients (16). Unfortunately, the method of measuring glucose up-
take was not sensitive enough to be used for day-7 embryos, when cattle embryos are
commonly transferred. However, it was possible to measure the production of 14CO2

from 14C-labeled glucose and lactate by individual in-vivo–produced, day-7 cattle em-
bryos, and this offered a possible approach to evaluating the viability of cattle embryos
before transfer (4).

O’Fallon and Wright (17) developed a technique in which individual mouse embryos
were suspended in a droplet of medium above a NaOH trap to collect 14CO2 produced
from 14C-labeled substrates and 3H2O from [5-3H]glucose. Rieger and Guay (18) ini-
tially developed a technique in which an individual embryo was contained in a droplet
of medium in a small well within a larger well containing 25 mM NaHCO3. At the end
of the incubation, NaOH was added to the bicarbonate to convert it to carbonate for
counting. Rieger et al. (19) subsequently showed that the metabolism of one 14C-labeled
and one 3H-labeled substrate by an embryo could be measured simultaneously. The
hanging drop technique of O’Fallon and Wright (17) was then modified to use a 25 mM
NaHCO3 exchange reservoir in place of the NaOH trap (20), as described below. If an
NaOH trap is used, the culture environment is completely free of CO2 and bicarbonate
during the incubation, which is disadvantageous because CO2/bicarbonate favors em-
bryo development by mechanisms unrelated to pH (7). Conversely, the CO2/bicarbon-
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ate environment is maintained by the bicarbonate exchange reservoir, which satisfies
the suggestion that “meaningful measurements are made only under conditions that
support embryo development” (7).

In addition to determining the general pattern of energy metabolism during early
development of the cattle embryo (20), my colleagues and I have shown that glucose
metabolism is related to the sex of the early cattle embryo (21) and viability following
cryopreservation of cattle blastocysts (22) and is increased by early exposure to glu-
cose in culture (23). We have also studied the patterns of energy metabolism in cattle
oocytes during in vitro maturation (24, 25), in horse (26) and hamster (27) embryos,
and in bird sperm (28).

3. OVERVIEW OF THE METABOLIC MEASUREMENT ASSAY

The metabolism assay apparatus is show in Figure 9.3. Individual embryos (or oocytes)
are taken up in 2 ml of culture medium, with or without metabolic stimulators, inhibi-
tors, or other test substances, and placed in the cap of a sterile 2.0-ml screw-cap microvial
(Sarstedt Inc., Montreal, Canada). To this is added 2 ml of culture medium containing
one 14C-labeled substrate or one 3H-labeled substrate, or a mixture of one 14C-labeled
substrate and one 3H-labeled substrate. The vial contains 1.5 ml of 25 mM NaHCO3 that
has been equilibrated with the gas mixture, to act as an exchange reservoir for the 14CO2

and 3H2O produced during the incubation period. The vial is flushed with the gas mix-
ture (usually 5% CO2, 5% O2, 90% N2) just before the caps are fitted. At the end of the
incubation period, the embryos are recovered and returned to culture. The NaHCO3 is
mixed with NaOH and scintillation fluid, and counted in a scintillation counter to deter-
mine the content of 14CO2 and/or 3H2O.

Figure 9.3. Apparatus used for the measurement of the metabolism of individual embryos. The
embryo is contained in the 4-ml suspended droplet of culture medium. (Redrawn from Rieger
et al. [20], with permission.)
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4. CULTURE MEDIUM

As noted above, the technique is designed to use a bicarbonate-based culture medium.
The basic medium is usually that used for routine embryo culture in the laboratory,
supplemented with 10–20 mM HEPES to maintain the pH of the incubation droplets
while they are being prepared. The pH in the microdroplets can be monitored by in-
cluding phenol red in the medium.

5. PREPARATION OF THE RADIOLABELED SUBSTRATES

The labeled substrates can be purchased from the major suppliers (e.g., Dupont,
Amersham). In addition to the nuclide and the position of the label, the preparations
differ in their specific activity, concentration, and solvent. In general, crystalline prepa-
rations of high specific activity are the most convenient, but they are not available for
all substrates. They are often supplied in water or water:ethanol at relatively low con-
centrations and must be dried and then resuspended in the basic culture medium. A simple
approach to drying is to insert two syringe needles into the vial and pass dry N2 into the
vial through one needle, leaving the other needle open for the gas to escape. The end of
the needles should be at least 1 cm above the surface of the liquid, and the gas flow rate
should be only sufficient to create a dimple in the surface of the liquid. The vial can be
placed into a hot water bath to hasten drying. Alternatively, the labeled substrates can
be dried using a vacuum evaporator.

The concentration of the labeled substrate in the culture medium depends on the re-
quirements of the experiment, the rate of metabolism of the substrate by the embryo,
and the specific activity of the labeled substrate. Optimally, the concentration of labeled
substrate should be just enough to result in the production an amount of 14CO2 or 3H2O
that can be reliably measured, while the total amount of labeled and unlabeled substrate
should not be significantly greater than that normally used in the culture medium. In
4 ml of medium, 0.5 mCi of [5-3H]glucose with a specific activity of 15 Ci/mmol would
add only 0.01 mM to the total glucose concentration, a negligible amount. Conversely,
0.5 mCi of [1-14C-]glucose with a specific activity of 50 mCi/mmol would yield 2.5 mM.
If the basic medium contained 5.55 mM glucose, then the total concentration would
be 8.05 mM. This might be too great a glucose concentration to be acceptable, and less
[1-14C]glucose would have to be used, or the concentration of unlabeled glucose in the
basic medium would have to be reduced. At the extreme, 0.5 mCi of [2-14C]pyruvate
with a specific activity of 10 mCi/mmol would yield 12.5 mM, a far greater concentra-
tion than that normally used in embryo culture media. Fortunately, the metabolism of
[2-14C]pyruvate is relatively high in early embryos, and 0.05 mCi or less is usually suf-
ficient to produced measurable amounts of 14CO2.

As an example, suppose that the metabolism of [1-14C]glucose (specific activity =
50 mCi/mmol) is to be measured in a 4-ml droplet, that the base medium contains 1.0 mM
glucose, and that the final total concentration (labeled plus unlabeled) of glucose is to
be 1.5 mM. A 4-ml droplet of the base medium would contain 4000 pmol of unlabeled
glucose, and the total required glucose would be 6000 pmol. The difference of 2000
pmol would require 0.1 mCi (2.22 × 105 dpm) of [1-14C]glucose. The radiolabeled sub-
strate solution would therefore have to be made to contain 2.22 × 105 dpm/2 ml.

6. PREPARATION OF THE EMBRYOS

Depending on the experimental protocol, the embryos may be exposed to test proce-
dures or conditions before the metabolic measurement. For example, an experiment might
involve comparing the metabolic activity of embryos that have been cultured under
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different culture media or conditions or comparing activity between fresh and frozen-
thawed embryos. Aside from this, the embryos require no special treatment except that
they are normally passed through several washes of culture medium and sorted into
experimental groups as appropriate. Each group is then transferred into a final wash
just before being placed, individually, into the caps of the metabolic measurement vials.
The final wash may also contain metabolic stimulators or inhibitors, which must be at
twice the desired final concentration.

7. PREPARATION OF THE METABOLIC MEASUREMENT VIALS

To avoid drying and loss of CO2 from the droplets, the vials should be prepared in batches
of a maximum of 10. A single embryo is taken up in 2 ml of the final wash and placed
in the cap of the incubation vial. To this is added 2 ml of the mixture of radiolabeled
substrates, to produce a total volume of 4 ml. The vials are then loaded with 25 mM
NaHCO3 using the apparatus shown in Figure 9.4. The delivery tubing is cut to length
to have a volume of 1.5 ml. The needle at the end of the delivery tubing is placed in the
incubation vial, and the 50-ml culture tube is inverted to fill the tubing with NaHCO3.
When the bicarbonate solution reaches the end of the delivery tubing, the culture tube
is turned upright, and the gas forces the NaHCO3 solution out of the tubing into the vial.
The needle at the end of the delivery tube is left in the vial and the cap held against the
needle for a few seconds to flush the vial with the gas mixture. The needle is then with-
drawn and the cap screwed onto the vial.

Figure 9.4. The apparatus and procedure used to load the metabolism assay vials with 25 mM
NaHCO3. (a) The delivery tubing is cut to length to have a volume of 1.5 ml. The needle at the
end of the delivery tubing is placed in the incubation vial. (b) The 50 ml culture tube is inverted
to fill the tubing with NaHCO3. (c) When the bicarbonate solution reaches the end of the deliv-
ery tubing, the culture tube is turned upright, and the gas forces the NaHCO3 solution out of the
tubing, into the vial. (d) The needle at the end of the delivery tube is left in the vial and the cap
held against the needle for a few seconds to flush the vial with the gas mixture. The needle is
then withdrawn and the cap screwed onto the vial.
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It is possible to use snap-cap Eppendorf or other small vials rather than the screw-
top Sarstedt vials and to simply pipette the gassed bicarbonate into the vials (29), rather
than using the bicarbonate delivery apparatus shown in figure 9.4. However, the Sarstedt
vial caps have the advantage of having an inner well for the droplets, and securing the
screw-caps is less likely to disturb the droplets than is securing a snap-cap. Moreover,
Sarstedt sells a rack that holds the vials from turning so that the caps can be screwed on
with one hand. The bicarbonate delivery apparatus is very cheap and easy to construct
and is convenient to use.

In addition to the vials containing the embryos, each assay must include a minimum
of three total count vials and a minimum of three sham vials for each treatment group.
Total count vials are prepared by placing 2 ml of the solution of radiolabeled substrates
into the cap of a vial containing 1.5 ml of 25 mM NaHCO3. The cap is screwed onto the
vial, and the vial is inverted to mix the radiolabels with the bicarbonate. Sham vials are
used to correct for counting background, chemiluminesence, spontaneous degradation
of the labeled substrates, microbial contamination, and any other source of nonspecific
counts. They are prepared exactly as for the vials containing the embryos, except that
the droplets contain 2 ml of the final wash and 2 ml of the solution of radiolabeled sub-
strates, but no embryo.

8. INCUBATION

Once capped, the vials should be held at the appropriate temperature, but there is no
need for a humidified or gassed incubator. However, in practice, it is more convenient
to culture them in the same incubator used for routine culture. We routinely culture the
vials for 3 h, which is sufficient to produce measurable quantities of 14CO2 or 3H2O from
labeled glucose, pyruvate, and glutamine and to ensure equilibration of the labeled prod-
ucts between the culture drop and the bicarbonate reservoir (see Figure 9.5).

9. TERMINATING THE ASSAY

At the end of the incubation period, the bicarbonate is transferred to scintillation vials
for counting, and the embryos are recovered for return to culture or further analysis.
Working in batches of a maximum of 10 vials, the caps are removed and the bicarbon-
ate decanted into 20-ml scintillation vials containing 200 ml of 0.1 N NaOH to convert
the dissolved CO2 and bicarbonate to carbonate.

To recover the embryos, 20–100 ml of fresh culture medium is added to the droplet
in each cap. The embryos are picked up in 2 ml of medium and washed and returned to

Figure 9.5. The recovery of 3H2O and 14CO2 from the incubation droplet into the bicarbonate ex-
change reservoir of the metabolism assay vial. (Redrawn from Rieger et al. [20], with permission.)
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culture, fixed, or analyzed by other procedures. To assure that the assay is not having
any severe deleterious effects on the embryos, embryos that have been subject to the
metabolic measurement assay should be left in culture for several days and their devel-
opment compared to embryos that have not be subjected to the assay. When all the in-
cubation vials have been decanted, 15 ml of a scintillation fluid for aqueous samples is
added to each scintillation vial.

10. SCINTILLATION COUNTING

The scintillation vials are counted in a liquid scintillation beta counter for a minimum
of 5 min each, and the raw counts per minute are corrected for quenching and converted
to disintegrations per minute. If two labeled substrates (one 3H-labeled and one 14C-
labeled) are used, then the sample must be counted in two counting windows, and the
counts corrected to determine the disintegrations per minute for each label. These de-
terminations are done automatically by most modern scintillation counters, and this
requires only that the counting program be properly defined.

11. DETERMINATION OF PRODUCT RECOVERY

To determine the proportions of 14CO2 or 3H2O produced that are recovered in the bi-
carbonate, known amounts of NaH14CO3 and 3H2O in 4-ml droplets of culture medium
are cultured in the incubation vials, exactly as for the embryos. Three to five vials are
removed from culture after 0, 30, 60, 120, and 180 min and the bicarbonate counted
(Figure 9.5). The recovery correction factor is calculated as the reciprocal of the inte-
grated proportion under the curve for each of 14CO2 and 3H2O. Recovery is greater than
70% for both. Note that this determination need only be done once.

12. CALCULATIONS

The amount of each substrate (in picomoles) metabolized by an embryo is calculated
by first subtracting the mean sham disintegrations per minute from the disintegrations
per minute for the embryo to correct for nonspecific counts. The difference is divided
by the mean total disintegrations per minute to give the proportion of labeled substrate
metabolized by the embryo, which is, by definition, equal to the proportion of the total
amount of substrate (labeled plus unlabeled) metabolized. This proportion is multiplied
by the total amount of substrate and the recovery correction factor to give the amount
of substrate metabolized. The formula is:

Sm = (De – Ds) × R × (Sl + Su),

Dt

where Sm = the amount of substrate metabolized, De = the number of disintegrations per
minute of 14CO2 or 3H2O produced by the embryo, Ds = the mean number of disintegra-
tions per minute for the group sham preparations, Dt = the mean number of disintegra-
tions per minute of 14C- or 3H-labeled substrate in the droplet (as counted in the total
count preparations). R = the recovery correction factor, Sl = the amount of labeled sub-
strate in the droplet, Su = the amount of unlabeled substrate in the droplet. The amount
of labeled substrate in the droplet (Sl) in picomoles is determined from the mean total
counts (Dt) and the specific activity (Sp. Act.) in milliCuries per millimole:

Sl = Sp. Act. × (Dt/2.22).
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The amount of unlabeled substrate in the droplet (Su) in picomoles is determined from
its concentration (C) in the medium (millimolar), and the volume of the droplet (V) in
microliters:

Su = C × V × 1000.

We handle these calculations with a spreadsheet program that includes a test that the
disintegrations per minute for an embryo equal or exceed the sensitivity of the assay
(defined as the mean sham disintegrations per minute plus 2 standard errors), and any
value below that is set to zero. The spreadsheet also calculates the embryo treatment
group means and variances, which can be cut and pasted to other programs for data stor-
age, statistical analysis, and graphing.

The variance of the measurements of metabolism of embryos of a single cleavage stage
is usually sufficiently homogeneous that the data can be statistically analyzed without trans-
formation. For experiments involving blastocysts or comparisons across stages, it is often
necessary to log-transform the results to provide homogeneity of variance.

13. COMMON PROBLEMS

The procedures have been developed to make this assay as simple as possible and rela-
tively trouble free. There are only two aspects that are of significant concern and need
to be monitored closely: the nonspecific counts measured in the sham preparations and
the viability of the embryos after being subjected to the procedure.

Although the sham values are included in the calculations to correct for nonspecific
counts, they should be reduced to the minimum to increase the signal-to-noise ratio. Ma-
chine background can be checked by counting scintillation vials containing only scintilla-
tion fluid. If these produce more than 50 cpm, then the counter should be checked, cleaned,
and adjusted by a qualified technician. Chemiluminesence can be checked by preparing
counting scintillation vials containing 4 ml of culture medium, 200 ml of 0.1 N NaOH, and
1.5 ml of the bicarbonate solution together with 15 ml of scintillation fluid, but no radioac-
tive material. Background noise can be produced by NaOH, but this is unlikely to be a sig-
nificant problem because of the small amounts used. It is possible that unusual components
of the culture medium could be luminescent and might have to be eliminated or reduced in
concentration. Microbial contamination must be eliminated by proper sterile procedures.
Chemical breakdown of the radiolabeled substrates can be a significant source of nonspe-
cific counts. This is especially true for [5-3H]glucose, where the label is somewhat labile
and can be spontaneously transferred to water. We also see relatively high sham counts
with [2-14C]pyruvate, possibly due to conversion to pyropyruvate. However, this has never
been a serious problem because the metabolism of [2-14C]pyruvate is also relatively high.

As noted above, the embryos must be capable of normal development after being
subjected to the assay in order to be certain that the measurements reflect normal meta-
bolic function. It is important to note that apparent morphological normality immedi-
ately after the metabolic measurement is not a reliable indicator of viability. We have
seen a significant loss of viability on only two occasions. In the first case, the problem
was traced to the N2 used to dry the radiolabeled substrates, and in the second, to the
batch of Percoll used to prepare the sperm for in vitro fertilization. As these two ex-
amples demonstrate, it can be difficult to determine the exact cause of a loss of viabil-
ity, and it may be necessary to test all parts of the culture system and the assay.

14. CONCLUSIONS

The survival and development of the early mammalian embryo depends on its ability to
metabolize energy substrates, and any manipulation that affects energy metabolism may
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disturb or inhibit development. Evaluating the effects of molecular and mechanical
manipulations on the energy metabolism of the early embryo may lead to improvements
in techniques such as cryopreservation, gene transfer, cloning, and the production of
stem cells. A notable example is the incidence of large lambs and calves from embryos
produced by cloning (30), which may well be due to very early metabolic defects.
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1. ADVANCES IN REPRODUCTIVE BIOLOGY

The fields of cellular, developmental, molecular, and reproductive biology and genet-
ics emerged from studies on eggs at fertilization (1). These early studies relied on sys-
tems like frogs and sea urchins, in which fertilization in vitro and embryo culture occurred
using simple solutions like seawater or pond water at room temperature. The recent design
of methods for routinely and reliably obtaining excellent in vitro fertilization of many
mammals now permits detailed experimentation on molecular and structural features
of their development. These investigations have led to many important and unexpected
basic discoveries including genomic imprinting (2–4); gametic recognition involving
unique receptors and galactosyltransferases (5–7); atypical maternal inheritance pattern
of the centrosome in mice (8, 9); both paternal and maternal inheritance of mitochon-
dria (10); and unexpected signal transduction pathways for fertilization and cell cycle
regulation (11–13), to name but a few.

The move into investigating molecular and cellular events in mammals is swiftly
advancing. There is a superb, accurate, and growing literature, and for fertilization
researchers, the malleability of many oocytes is becoming more routine. Rodents, such
as the mouse, are easily maintained in the lab, and development of zygotes occurs
with good synchrony. In addition, mice have a large and expanding number of ge-
netic strains for investigational purposes. In domestic species like the cow and pig,
technical improvements in the maturation, fertilization, and development for the pro-
duction of offspring are now available (14). Primates such as the rhesus monkey are
also unique resources for avoiding the complexities of working with fertilized human
zygotes while garnering vital information that cannot be extrapolated directly from
rodents (1). Their hormonal regulation closely parallels that of humans, and the cyto-
skeletal arrangements observed during meiotic maturation and fertilization mirror
events observed in humans (15, 16). Notwithstanding these advances, mammalian
oocytes and embryos provide unusual challenges for the researcher interested in de-
tecting cytoplasmic or nuclear structural features: they are large cells (80–150 mm),
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some oocytes are nearly opaque (e.g., bovine, porcine, canine), and the extracellular
zona pellucida and cumulus cells can cause problems in introducing the imaging probes
(e.g., antibodies, vital dyes). In addition, oocyte numbers can be limiting and their
manipulation labor intensive and costly.

The methods used in the detection of cytoskeletal and nuclear architectural struc-
tures in mammalian oocytes during fertilization and in spermatogenic cells have now
been described (17–22). Immunocytochemical investigations on microtubule organi-
zation and DNA configurations during spermatogenesis as well as after both in vitro
fertilization and ICSI have been investigated in a number of mammals using laser-
scanning confocal microscopy (15, 18, 23–25). Questions addressed in these studies
demonstrated that all mammals except rodents follow a paternal centrosome inherit-
ance pattern (9). Microtubules assembled from the introduced sperm centrosome were
found to be essential for pronuclear apposition during fertilization in nonrodents, a
key crucial step necessary to accurately conclude the fertilization process in mam-
mals. The mechanisms underlying cell cycle progression and differentiation during
spermatogenesis are also tightly regulated with the microtubule network, especially
with regard to spermatid organelle movement and nuclear-shaping events (18–20).
Finally, the results from ICSI fertilization events in the rhesus monkey demonstrated
the utility of studying this model for predicting ICSI events in the human, especially
in relation to the steps necessary for sperm activation after injection of sperm into the
cytoplasm (23, 25, 26).

Analyzing cellular structure, physiology, and function by immunofluorescence has
benefited tremendously from advances in light microscopy. Among the many technical
achievements, the advent of laser scanning confocal microscopy (LSCM) for immuno-
fluorescent applications has yielded enormous benefits (27–31). Confocal microscopy
permits information to be collected from defined optical sections rather than from the
entire specimen, thus reducing out-of-focus fluorescence and increasing contrast, clarity,
and detection sensitivity of images. Because optical sectioning is noninvasive, living
cells as well as fixed static images can be observed by confocal microscopy. Further-
more, specimens can be optically sectioned in various planes (i.e., either perpendicular
or parallel to the optical axis of the microscope) so that variations throughout specimen
height can be investigated (28). Because stacks of optical sections taken at successive
focal planes (the z-series) can be reconstructed within the computer, it is possible to
generate three-dimensional views in static samples or four-dimensional imaging (three-
dimensional over time) in living cells, giving the investigator a powerful means to ad-
dress biological problems with increased clarity. Therefore, confocal microscopy is an
important tool for bridging the information provided by either conventional light or
electron microscopy.

The goals of this chapter are to consider the methods used in the detection of cyto-
skeletal and nuclear architectural structures in mammalian gametes using confocal micro-
scopy. We describe the methods applied in our laboratory for static immunocytochemical
localization of microtubules and DNA in fixed human oocytes. We also examine
microtubule-based cytoskeletal configurations in mammalian spermatids and discuss
how this technique provides mechanistic information on vesicular trafficking and
organelle movement during spermatogenesis. Finally, we describe how confocal
microscopy has provided clinically relevant information with regard to abnormal sperm
decondensation following ICSI, a concern given the widespread application of this as-
sisted reproductive technology and the reported increase in sex chromosome anomalies
observed in ICSI embryos (25, 26, 32). This chapter is principally aimed at prospective
light or confocal microscopists who want to apply imaging technology to mammalian
gametes. Additional information on the theories, principles, and types of confocal
microscopy or application in systems other than mammals can be found in a number of
excellent reviews (27–29, 30, 31, 33–35).
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2. THE PRINCIPLES AND APPLICATIONS
OF IMMUNOFLUORESCENCE
ON FIXED MAMMALIAN GAMETES

A number of excellent reviews are recommended to acquaint readers with the basic
principles of immunocytochemical (ICC) techniques (36–38). ICC coupled with mod-
ern imaging microscopes provides invaluable clues for detecting specific intracellular
proteins and their subcellular localization within oocytes. The application of ICC can
even be extended to functional analysis of intracellular proteins by first microinjecting
primary antibodies into oocytes and then processing them for antigen detection, pro-
viding a powerful tool for investigating the role of proteins in oocyte and embryonic
development (39). ICC is routinely performed on fixed, static specimens, but it also can
be adapted to investigate the localization and function of proteins or ions in living ga-
metes. For instance, the detection of the meiotic spindle in living oocytes can be ap-
proached using fluorescently tagged proteins such as rhodamine tubulin (26, 40, 41)
and their dynamics explored by examining fluorescent recovery after photobleaching
(FRAP) or UV photoactivation of caged fluorescein derivatives (40). Ion imaging us-
ing both conventional and confocal microscopy can be artfully used to explore the role
of cations such as calcium during oocyte activation (42). Likewise, the sensitivity of
fluorescent techniques in living spermatozoa combined with flow cytometry is now
sufficient to provide quantitative data, permitting assessments of sperm viability, or-
ganelle integrity and function, as well as fertilization potential (43, 44).

The sequential steps for implementing static ICC in mammalian gametes include
gamete preparation, fixation, antibody labeling, detection of the antibody–antigen com-
plex, and imaging. For oocytes, removal of cumulus cells and the zona pellucida before
fixation facilitates better fixation, antibody penetration, and removal during immuno-
staining, as well as microscopic imaging during analysis. In addition, gametes are not
attached to substrates for easy handling, making it cumbersome to process them by stan-
dard ICC protocols. To facilitate easier ICC processing, oocytes or spermatogenic cells
can first be attached to glass surfaces. Compounds such as charged polyamino acids
(poly-L-lysine; 45), protamine sulfate (46), phytohemagglutinin (47), or a fibrin clot
attached to a microscope slide (48) have all been successfully used to immobilize oo-
cytes onto glass for ICC processing.

A critical first step in performing indirect ICC is the selection of the proper fixation
method to preserve intracellular proteins and structure. Significant amounts of soluble
proteins and cytoplasmic inclusions in mammalian gametes can increase nonspecific
antibody binding and degrade image quality (39). The decision of whether to use an
organic solvent (i.e., methanol, ethanol) or cross-linking reagent (e.g., formaldehyde,
glutaraldehyde) for fixation must take into account the nature of the protein(s) being
targeted for detection, the primary antibody characteristics, and the type of detection
method used (38, 39). The choice of which fixative to use is somewhat empirical and
best decided by experimentation with both fixatives, especially in cases where antibody
characteristics have not been previously defined in other systems such as tissue culture
cells (38). For mammalian oocytes, it is often useful to first extract gametes in deter-
gent-based stabilization buffers (39). The use of these stabilization buffers helps increase
antibody penetration, lower nonspecific antibody binding, reduce monomer concentra-
tion for polymer detection, and allow greater sensitivity for the detection of small cyto-
plasmic structures such as centrosomes or kinetochores. However, it is important to
remember that detergent-based permeabilization buffers preserve only the detergent-
insoluble proteins. In some instances, soluble proteins or proteins with transient or weak
associations with intracellular structures may not be maintained in the specimens. In
these cases, it may be advisable to fix gametes directly in methanol or apply cross-linking
fixatives before detergent treatment. Fixation before permeablization will invariably have
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increased background staining, necessitating the use of blocking reagents before pri-
mary antibody application to limit degradation of image quality (38).

The application of a primary antibody will depend on the type used (monoclonal,
polyclonal, or ascites fluid). Polyclonal antibodies contain many different types of anti-
bodies directed at many antigens, creating problems in binding to only one targeted
epitope within gametes. Monoclonal antibodies, however, are homogenous and ex-
tremely epitope specific, but they are costly and time-consuming to prepare and have
much greater variability in practical ICC application (38). Whatever the type of anti-
body, it may be necessary to experiment with the concentrations of the antibodies to
obtain a detectable signal while keeping nonspecific background fluorescence to a mini-
mum. The number of proteins detectable after immunostaining will depend on the number
of species of primary antibodies used and the number of fluorochromes that can be
imaged by the microscopic system. Best results are achieved if each antibody is added
sequentially, but it is possible to mix primary antibodies together for a single-step ap-
plication. For some intracellular proteins that are present in extremely low copies, it
may be advisable to amplify the detectable signal by labeling with the biotin/streptavidin
system. Details of this protocol can be found in other publications (49).

Because fluorochromes are susceptible to extreme fading under fluorescent irradia-
tion, stained oocytes are mounted in an antifade reagent to retard the rapid loss of fluo-
rescence during microscopic examination. There are several varieties of aqueous or
nonaqueous buffers and antifade reagents that work with fluorescent samples (38, 39)
and that can be purchased commercially. Antifade reagents which are designed to work
well with confocal microscopic imaging (e.g., SlowFade, Molecular Probes, Eugene,
OR) and which do not quench the applied flurochrome are ideal candidates for mount-
ing immunostained coverslips. For most indirect immunofluorescent techniques using
commonly used flurochromes, a nonpermanent mounting medium is sufficient to re-
tard photobleaching and preserve samples for several weeks.

Immunostained specimens should be viewed and imaged first by conventional
epifluorescence using quality microscopes with high numerical aperture objectives
before confocal laser scanning microscopy (50). Best results are obtained if imaging
is performed as soon as possible after mounting, securing a permanent record of the
data before fading or any redistribution of the fluorochromes occurs. If film is to be used,
we recommend fast-speed black-and-white professional films (e.g., Kodak Tri-X 400),
which can be push-processed in high contrast developer to obtain publication-quality
photographs. This will help minimize potential bleaching problems by reducing ex-
posure of immunostained samples to UV excitation. Color films of ASA 160 or greater
are also useful to obtain presentation-quality slides. Digital data can be recorded using
any number of chilled charge-coupled device (CCD) scientific cameras interfaced to
the microscope and a computer system. The highest resolution is usually obtained using
black-and-white CCD chip cameras. Most important, digital data needs to be archived
using erasable magneto optical, Zip, or Jazz discs or recordable CDs. Digital data can
then be downloaded to film recorders or printers for the preparation of slides or plates
for publication.

After conventional microscopy has been applied, specimens can be subjected to
confocal microscopy for imaging the three-dimensional volume of gametes. There
are different types of confocal microscopes that can be useful for imaging fixed bio-
logical samples (31). A slow-scan CLSM equipped with 60× Plan-Apo, 1.4 numeri-
cal aperture oil-immersion objective and a krypton-argon ion laser works well for
imaging fluorescein- and rhodamine-immunostained gametes, but other lasers are
needed for detecting stained DNA. Specific setting of the confocal microscope will
vary with the application, but whatever the CLSM, try to limit laser power for sample
exposure and use neutral density filters to attenuate the beam further to minimize
sample deterioration.
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3. PROTOCOLS FOR INDIRECT IMMUNOFLUORESCENCE AND
CONFOCAL IMAGING ON FIXED MAMMALIAN GAMETES

We consider two fixation methods used for the detection of microtubules and DNA in
mammalian gametes, although adoption of other probes or antibodies can be easily
substituted. Examples of the data collected by either fixation method are presented (in
Protocols 10.1–10.4).

4. APPLICATIONS OF CONFOCAL FLUORESCENT MICROSCOPY
IN MAMMALIAN GAMETES

Motility and cytoskeletal rearrangements are essential for successful completion of
mammalian fertilization (9). Our understanding of cytoskeletal organization during
spermatogenesis, oocyte maturation, fertilization, and development have benefitted tre-
mendously from applying static immunocytochemistry technology and confocal micros-
copy. These investigations led to important discoveries about the basic features that prime
and position the parental genomes for merging during fertilization. Among the discov-
eries is the observation that the restoration of the centrosome, the cell’s microtubule
organizing center, is accomplished at fertilization by the attraction of a number of ma-
ternal centrosomal components to the sperm centriole introduced at insemination. The
resultant zygotic centrosome organizes the sperm aster structure at the base of the sperm
head that ultimately directs the apposition of the male and female pronuclei within the
activated oocytes cytoplasm. The sperm centriole is highly favored for the completion
of fertilization in most mammals, as the maternal centrosomes found at the meiotic
spindle poles do not appear to reproduce within the oocyte’s cytoplasm (52, 53). With
the exception of rodents, which do not inherit an active sperm centriole during fertiliza-
tion (21, 23, 54), every mammalian species thus far examined, including primates, do-
mestic species, and even evolutionary primitive marsupials, inherit their centrosomes
from their fathers (9).

The pattern of centrosomal inheritance during human fertilization is presented in
Figure 10.1 following antitubulin immunostaining and confocal microscopy (15). Mi-
crotubules are only present in the metaphase-arrested second meiotic spindle in the
unfertilized oocyte (Figure 10.1A). Within 6 h after insemination, a small microtubule
sperm aster emanates from the base of the sperm head (Figure 10.1B, C). The activated
oocyte extrudes the second polar body, shown in Figure 10.1 attached to the developing
female pronucleus by the midbody structure (Figure 10.1B, C). Sperm astral microtubules
continue to elongate throughout the cytoplasm during early development (Figure 10.1D,
E). Some of the sperm aster microtubules make contact with the decondensing maternal
pronucleus, initiating pronuclear migration (Figure 10.1E, F). The zygotic centrosome du-
plicates and splits apart during late interphase, as microtubules emanate from between the
eccentrically positioned, juxtaposed male and female pronuclei (Figure 10.1F). Mitotic
prophase commences with the separate chromosomal condensation of the male and
female pronuclei, as the zygotic centrosomes nucleates the microtubules of the bipolar
mitotic spindle apparatus (Figure 10.1G). By late prometaphase, the chromosomes inter-
mix and align along the equator of the bipolar, anastral mitotic spindle (Figure 10.1H),
completing the fertilization process in humans.

These results have been further supported by observations of polyspermy, partheno-
genesis, and naturally occurring defects in the sperm centrosome of some men, which
lead to fertilization failures (15, 55–57). In the latter case, confocal microscopy was
instrumental in demonstrating how defective sperm centrosomes sometimes start mi-
crotubule nucleation, but subsequently fail to continue microtubule growth. Other ex-
amples observed by confocal microscopy included sperm centrosomes prematurely
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Figure 10.1. Microtubule organization and DNA patterns in normal inseminated human oocytes. (A) The mei-
otic spindle in mature, unfertilized human oocytes is anastral, oriented radially to the cell surface, and asymmetric,
with a focused pole abutting the cortex and a broader pole facing the cytoplasm. No other microtubules are de-
tected in the cytoplasm of the unfertilized human oocyte. (B–D) Shortly after sperm incorporation (3–6.5 h
postinsemination), sperm astral microtubules assemble around the base of the sperm head, as the inseminated oo-
cytes complete second meiosis and extrude the second polar body (M = male pronucleus; F = female pronucleus).
The close association of the meiotic midbody identifies the female pronucleus. Short, sparse disarrayed cytoplas-
mic microtubules can also be observed in the cytoplasm upon confocal microscopic observations of these early
activated oocytes (C). (E) As the male pronucleus continues to decondense in the cytoplasm (M), the microtubules
of the sperm aster enlarge, circumscribing the male pronucleus. (F) By 15 h postinsemination, the centrosome splits
and organizes a bipolar microtubule array that emanates from the tightly apposed pronuclei. The sperm tail is as-
sociated with an aster (arrow). (G) At first mitotic prophase (16.5 h postinsemination), the male and female chro-
mosomes condense separately as a bipolar array of microtubules marks the developing first mitotic spindle poles.
(H) By prometaphase, when the chromosomes begin to intermix on the metaphase equator, a barrel-shaped, anas-
tral spindle forms in the cytoplasm. The sperm axoneme remains associated with a small aster found at one of the
spindle poles (arrow). Bars = 10 mm. Modified with permission from Simerly et al. (15).



CONFOCAL IMAGING OF STRUCTURAL MOLECULES 171

detaching from the sperm head or organizing a large, disorganized sperm aster defec-
tive in initiating pronuclear migration. Collectively, these results suggest that fertiliza-
tion arrest may occur at several points in the cell cycle as a result of improper centrosomal
functioning. These types of defects indicate male infertility factors because excess oo-
cytes from some of the same patients were successfully fertilized with donor sperm,
though not with spousal sperm.

Small cells like spermatocytes and spermatids can present significant problems for the
clear resolution of intracellular structures despite the marvelous detection probes avail-
able and improvements in conventional imaging techniques. Confocal microscopic analysis
has facilitated characterization of the microtubule and DNA patterns in mammalian sper-
matids and their implications for nuclear shaping and organelle movement. Unlike im-
ages of tissue slices derived from cryopreserved specimens (58–60), confocal microscopy
has the ability to produce high resolution images and informative three-dimensional ren-
derings of stacks of optical sections for the detection of the entire microtubule arrays (18).
As shown in Figures 10.2 and 10.3, bovine spermatids contain short microtubules run-
ning at the postacrosomal domain near the nuclear surface (arrows). These microtubules
are not nucleated from a traditional microtubule organizing center (MTOC) present in the
spermatid cytoplasm (21) but appear to originate from the cortical region, as observed for
many other types of polarized cell types (61, 62). Confocal microscopy has also identi-
fied post-translationally modified forms of microtubules during spermatogenesis (18, 58,
63, 64). Spermatocytes and spermatids both contain acetylated a-tubulin at the cell cortex
as well as in the axial fibers destined to form the mature sperm tail (18) (Figure 10.4).
These microtubules have been correlated with microtubule stability and are not observed
in the manchette or other microtubule-based structures at other differentiation stages. The
array of acetylated a-tubulin is best observed after confocal microscopic three-dimensional
reconstruction of spermatids at steps 3–6 (Figure 10.5), where the developing axial fila-
ment is seen engulfing the nucleus around a centrosomelike area. Conversely, glutamylated
tubulin is first observed in step 7 spermatids bundled around the nucleus opposite of the
acrosome but is then found restricted to the manchette microtubules and sperm tail in later
stages of spemiogenesis (58, 64). These major microtubule reordering processes may be
important for changes observed in organelle translocation and nuclear-shape changes ob-
served in the latter stages of spermiogenesis (19, 20, 65, 66). For example, the Golgi ap-
paratus has been shown to move away from the acrosome toward the opposite pole of the
cell, perhaps by a mechanism involving microtubules and the motor proteins kinesin and
dynein (67–69). Eventually, this structure is shed in the cytoplasmic droplet along with
most other spermatid organelles (70).

Fundamental research in relevant animal models is now permitting investigations of
the cellular and molecular events underlying commonly used assisted reproductive tech-
niques such as ICSI. Despite the clinical successes of ICSI, discoveries in animal research
models suggest that this method of fertilization differs from classical fertilization and from
in vitro fertilization techniques (1). For instance, certain sperm proteins, removed at the
egg surface during insemination, are retained after ICSI, and sperm DNA decondensation
occurs asynchronously (25, 26). Sperm components like the acrosome, perinuclear theca,
and SNAREs (soluble N-ethylmalameide-sensitive factor attachment protein receptors)
are all introduced into the egg after ICSI, and it is unclear whether the retention of these
proteins can have a detrimental role in transformation of the sperm nucleus into a func-
tional male pronucleus (24–26, 71–73). As shown in Figure 10.6, confocal imaging of an
antibody that recognizes vesicle-associated membrane protein (VAMP), a type of vesicu-
lar carrier SNARE (v-SNARE) found in sperm (25) is retained as a collar in the sperm
equatorial segment after ICSI (Figure 10.6A). This VAMP-containing region separates
the decondensing DNA at the posterior end of the sperm head from the condensed ante-
rior (acrosomal) portion (Figure 10.6B–E). Although this asynchronous decondensation
of the male DNA may eventually be overcome (Figure 10.6E, F), it has been suggested
that the higher rate of sex chromosome disorders in embryos and fetuses conceived using
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Figure 10.2. Microtubule dynamics and manchette formation in elongating spermatids. (A) Early elongating
spermatids in stage 7 have a cortical microtubule network without any apparent focal point, as described for the
earlier stage. (A') In a deeper focal plane it is possible to observe an increase of tubulin on the nuclear surface
starting at the edges of the acrosomal vesicle (arrow). The Golgi apparatus has moved from the acrosomal area.
(B) At stage 8, a bundle of microtubules oriented perpendicular to the main axis of the spermatids runs around the
postacrosomal region of the nucleus (arrowheads). (B') The same cell in another focal plane shows that the nucleus
still has a strong label on the postacrosomal region all the way in between the rims of the acrosome. The Golgi
apparatus sits in the cytoplasmic lobe without contact in any microtubular structure (arrowheads). (C, C') At later
stages of elongation, the clear manchette appears surrounding the postacrosomal region of the spermatid. The mi-
crotubules run parallel to the main axis of the cell and there are a few microtubules in the cytoplasmic lobe (arrow-
heads). (D, D') Laser scanning confocal microscopy of bovine and mouse (E, E') spermatids at stages 7 of
differentiation. (D, E) Spermatids display a bundle of cortical microtubules running around the postacrosomal domain
(arrows). The asterisks indicate the position of the acrosome in each cell. They do not show any obvious microtu-
bule organizer center either at the cortex or inside the cell (D', E'). A number of microtubules run into the cyto-
plasm surrounding the postacrosomal domain of the nucleus of bovine (D') and mouse (E'). The insets show the
differential interference contrast picture of each cell. Modified with permission from Moreno and Schatten (18).
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ICSI may be related to the abnormal sperm remodeling during early fertilization (26).
Support for this notion comes from studies demonstrating that the X and Y chromosomes
reside principally in the apical portion of the sperm head (74, 75). Furthermore, the nuclear
importation of cytoplasmic proteins such as nuclear mitotic apparatus protein is atypical,
being initially excluded from the still-condensed regions of paternal chromatin, and DNA
synthesis onset is delayed in sperm that undergo asynchronous decondensation (26, 75).
Variations in the dynamics of fertilization after ICSI might well lead to a diminished abil-
ity of the oocyte to express or be exposed to important paternal genes or gene products,
thus leading to improper embryo formation.

5. TROUBLESHOOTING AND COMMON PROBLEMS
ASSOCIATED WITH IMAGING

In this section we consider some of the more prevalent problems associated with apply-
ing ICC to mammalian gametes.

Figure 10.3. Three-dimensional reconstruction of microtubule configuration of the round sper-
matid. Shown here is a three-dimensional reconstruction of a-tubulin of a bovine round sper-
matic in stage 6. These microtubules cover the entire postacrosomal domain of the nucleus
(arrows). Short microtubules run around the nucleus perpendicular to the main axis of the cell
(arrow). These short microtubules are in close contact with the postacrosomal domain of the
nuclear envelope (arrowheads). The acrosomal domain (asterisks) contains a few microtubules
around the acrosome. The number indicates the angle of rotation left to right. Modified with
permission from Moreno and Schatten (18).
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5.1 Attachment of Oocytes to Poly-L-lysine-coated Coverslips

A technical problem often encountered in processing mammalian gametes for ICC is
adhering oocytes or spermatogenic cells to substrates. For oocytes, both the cumulus
and zona must be completely removed to get good adherence to polylysine-coated cover-
slips. If using hyaluronidase to remove the cumulus, the treatment should be kept short
(5–7 min) to prevent potential parthenogenetic activation of metaphase-arrested oocytes.
Incubation times with enzymes or acidified culture medium to remove the zona should
be kept to a minimum to reduce intracellular damage. Recovery periods of 30 min or
longer in normal culture medium should be permitted after zona removal and before
fixation. Simultaneous removal of adhering cumulus cells and the zona pellucida is not
recommended to prevent the accessory cells from sticking to the oocyte surface and
interfering with imaging. The use of high molecular-weight polylysine (mw > 300,000)

Figure 10.4. Acetylated microtubule dynamics during spermiogenesis. (A) Pachytene spermatocytes
contain a subset of acetylated microtubules at the cell cortex, as evaluated by laser scanning confocal
microscopy. (B) In a deeper focal plane it is possible to see that some of the microtubules penetrate
into the cytoplasm (arrows). The inset shows the chromatin structure of the cell. (C) In stage 1–3 round
spermatids, acetylated tubulin appears as a spot near the acrosomal vesicle (C'). (D, F) In later stages
the acetylated configuration is like a wire wrapping around the nucleus (D', F'). This wirelike structure
may correspond to the axial filament because at later stages it is found attached to the spermatid nucleus
(D, D'). Later on, in spermatids at stage 6 (E), single microtubules form an asterlike configuration. These
microtubules disappear at stage 7, and only the sperm tail contains acetylated tubulin (F, F'). Modified
with permission from Moreno and Schatten (18).
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and clean coverslips is crucial to facilitating good polylysine coating to the glass sur-
face and gamete adherence. If necessary, coverslips can be cleaned in 95% alcohol and
the surfaces wiped clean with a lint-free cloth before applying the polylysine solution.
Also, good gamete attachment will only occur if the culture medium or PBS solution
does not contain proteins such as BSA or serum. First rinse gametes in protein-free culture
medium in an agar-coated dish (to prevent zona- free oocytes from sticking to the plas-
tic surface) immediately before transferring them to the polylysine-coated coverslip.
Agar dishes can be prepared by adding 2.5 ml of a 1% bacto-agar solution dissolved in
distilled water to a small 10 × 35 mm Petri dish. Plates can be prepared in advance and
stored at 4°C for up to 1 week.

5.2 Fixation Protocols

Fixation techniques should avoid steps that can alter the distribution of the proteins
in vivo (76). For instance, many soluble membrane proteins will not be retained or can

Figure 10.5. Acetylated a-tubulin configurations in round spermatids. (A) A laser scanning confocal
microscopy observation of acetylated tubulin in stage 3–4 shows that only the axial filament contains this
tubulin isoform. (B) At stage 6 there are several acetylated microtubules converging to a focal point near
one end of the axial filament. The asterisks indicate the position of the acrosome in each cell. The figure
shows a three-dimensional reconstruction of acetylated microtubules of a round spermatid in stage 5–6.
The main labeled structure is the axial filament (arrow). The rotation of the structure allows identification
of microtubules (arrowhead) concentrated around a centrosomelike area. The number indicates the angle
of rotation in between each frame. Modified with permission from Moreno and Schatten (18).
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Figure 10.6. Confocal imaging of the persistence of vesicle-associated membrane protein
(VAMP) on the sperm head after ICSI in the rhesus monkey. (a) Sperm with a typical VAMP
(arrows) pattern (30 min postinjection). (b–d) DNA decondensation at the anterior portion of
the sperm head seems to be prevented or retarded by a VAMP two-piece “collar” 4 h postinjection
(b and d, side views; c, top view; arrowheads). Eventually the male DNA decondenses completely,
forming a pronucleus with VAMP remnants in the vicinity (e, 8 h postinjection), sometimes
persisting up to the stage of pronuclear apposition (f, 20 h postinjection). VAMP became unde-
tectable by first mitosis (g, first mitotic anaphase). Arrows denote the presence of the sperm tail
as observed by phase-contrast microscopy and Mitotracker labeling. Nucleoli are detected as dark
regions within the labeled male chromatin. VAMP is not associated with the female pronuclei
nor with the polar body (h, PB, polar body). Bars = 10 mm. Reprinted with permission from
Ramalho-Santos et al. (25).
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be redistributed intracellularly if detergents are used before fixation or if organic sol-
vents are used for cell preservation. Likewise, glutaraldehyde often deleteriously af-
fects the intracellular antigenicity of proteins and/or increases nonspecific fluorescent
background in the wavelengths commonly used for ICC labeling, giving rise to false-
positive or false-negative staining profiles. Several observations are worth noting when
using buffer M detergent extraction before fixation. Permeabilization will not be com-
plete unless the zona is removed from the oocytes. Also, low concentrations of deter-
gent (< 0.1%) in buffer M can lead to insufficient extraction and cell lysis, perhaps as a
result of a differential osmolarity gradient between the external buffer and the egg cyto-
plasm. It may be desirable to have low extracellular calcium present during the perme-
abilization step to retard calcium-induced alterations in the cytoskeleton, especially in
the preservation of microtubules. Attachment of oocytes to polylysine-coated cover-
slips before detergent permeabilization is useful for oocyte recovery and to minimize
structural damage to the extracted cells. For reattaching detergent-permeabilized oo-
cytes to new polylysine-coated coverslips after buffer M treatment, take the following
steps to help ensure that oocytes remain attached: (1) prewash the new coverslip in PBS–
Triton X-100 to assist the process of oocyte reattachment (this probably removes elec-
trostatic repelling characteristics of the glass coverslip and the glycerol-based buffer);
(2) keep the volume of the buffer transferred to a minimum so oocytes do not float away
from the coverslip surface; and (3) do not expel the oocytes and the fluid all at once at
the center of the coverslip, or the cells may not stick. Gently sweep the pipette across
the surface of the coverslip to get the best reattachment. When using cold organic sol-
vents like methanol to fix the cells, add slowly, or detachment and/or damage to the
extracted eggs can occur. It is helpful to perform this step using a dissecting microscope
set at low magnification. Finally, do not allow detergent-extracted cells to become ex-
posed to the air–liquid interface after attachment to polylsine and all subsequent steps.

Other cross-linking reagents like dimethyl 3,3’dithiopropionimidate dihydrochloride
(DTBP) and ethylene glycol bis (succinimidyl succinate) (EGS) can be used in situa-
tions where antigenicity is compromised by organic solvents or by aldehyde fixation.
Be aware that nonionic detergents such as Triton X-100 can reverse the cross-linking
property of formaldehydes, resulting in poorly preserved oocytes (38).

5.3 Immunostaining Protocols

All antibodies should be diluted into an appropriate aqueous buffer solution (i.e., PBS
or TBS) containing a protein carrier like BSA (3 mg/ml) or an immunoglobulin (10%)
derived from the same species as the detection reagent (e.g., normal goat, human, or
rabbit serum). It is also advisable to briefly spin each diluted antibody solution in a
microcentrifuge for 2 min to remove insoluble particulates.

The length of antibody staining can be varied. For instance, it is possible to apply the
diluted primary antibody overnight at 4°C. However, do not shorten the PBS wash steps
between application of the primary and secondary antibodies to ensure lower background
staining. The use of a humidified chamber for immunostaining will prevent antibody
evaporation.

5.4 Mounting Immunostained Cells for Fluorescent Observation

Specimens are placed in mounting media to prevent dehydration and fluorescent signal
fading during storage and imaging. If three-dimensional data are to be collected by
confocal microscopy, it may be useful to mount coverslips using spacers between the
coverslip and slide before mounting. Spacers can be either broken strips of a coverslip
(type 1) or a small amount of a gel substance (e.g., silicone grease or petroleum jelly)
added to corners of the coverslips containing the specimen. After mounting and seal-
ing, store slides in the dark at 4°C in a light-tight box. Specimens mounted and sealed
properly will be stable for several months.
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5.5 Controls

The localization of intracellular antigens by any immunofluorescence method must be
confirmed by careful scrutiny against a number of controls (36). Staining patterns ob-
served after replacing the primary antibody with preimmune sera, after preabsorption
of primary antibody with excess antigen, or after staining with secondary antibody alone
should be routinely performed. Similar dilutions of each control solution should be used
for comparison with the staining patterns obtained with the primary antibody. Also, image
exposure and acquisition times should be similar for controls and antibody-labeled speci-
mens when photographing during microscopy.

6. CONCLUSION

In the past, the study of cellular structure and function of mammalian gametes has bene-
fited tremendously from light and electron microscopy. Although each of these micros-
copy techniques has its advantages, there are limitations to deriving complete information.
Transmission electron microscopy produces superior resolution of ultrastructural com-
ponents, but it is generally limited to two-dimensional, static imaging on fixed specimens.
Conventional light microscopy, especially in combination with fluorescent probes, offers
a superb means to examine living specimens dynamically and with a global view of the
cellular organization. However, image quality by conventional microscopy can be lim-
ited by out-of-focus fluorescent information, especially on thick specimens such as
oocytes. Recent advances in image processing and computer deconvolution programs (77,
78) have greatly improved conventional microscopy. In particular, confocal microscopy
has proven to be a powerful method for exploring cellular structure and function in mam-
malian gametes, and it nicely complements light and electron microscopy. The applica-
tion of confocal microscopy is sufficiently advanced to permit the analysis of both living
and fixed specimens labeled with multiple probes. Furthermore, the ability to do rapid
optical sectioning limits artifacts introduced by physical sectioning while practically elimi-
nating out-of-focus information, resulting in improved contrast and effective resolution
of cellular structures. Finally, the ability to take stacks of optical sections derived from
images collected at different focal planes and to determine the three-dimensional organi-
zation of intracellular components has yielded enormous information in structure and or-
ganization. With the establishment of analysis software, powerful computers, and fantastic
probes for detecting intracellular structures, the capability of doing three-dimensional
imaging over time (i.e., four-dimensional imaging) is now possible. Emerging data from
confocal studies of mammalian gametes are providing exciting and fundamental discov-
eries in cell, developmental, and reproductive biology, permitting the modern microsco-
pist to explore subtle relationships between cellular structure and function.
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Protocol 10.1. Attaching oocytes or spermatids to polylysine-coated coverslips

1. Prepare 2 mg/ml poly-L-lysine (PL) hydrobromide (mw > 300,000; Sigma Chemi-
cal Co., St. Louis, MO) in distilled water, aliquot, and stored frozen at –20°C.

2. Add 50 ml of the PL stock solution to a 18–22 mm2 coverslip for 5 min. The PL
solution should not form a bead on the coverslip but should smoothly coat the
entire surface.

3. After 5 min, rinse the coverslip in dH2O to remove excess PL and then allow it to
air dry.

4. Place PL-coated coverslips in a 6-well, flat-bottom assay plate (Falcon #3046).
5. Add 5 ml of calcium-free and protein-free culture medium at 37°C and keep warm

on a slide warmer.
6. Carefully pipette washed zona pellucida-free eggs or isolated spermatocytes onto

PL-coated coverslips in the assay plate; incubate without moving the coverslips
at 37°C for 2–3 min to permit strong adherence.

Protocol 10.2. Fixation techniques for mammalian gametes

Oocyte fixation in methanol following permeabilization in a microtubule
stabilization buffer

1. Remove most of the culture medium from the 6-well, flat-bottom assay plate
containing the PL-attached oocytes but do not expose the attached eggs to the
liquid–air interface.

2. Carefully pipette into plate approximately 6 ml buffer M containing 1% Triton
X-100, 1 mM 2-mercaptoethanol, and 0.2 mM PMSF (pH 6.8, 37°C). Incubate
10 min at 37°C.

3. Prepare a new PL-coated coverslip; place in a 4-well quad-style petri dish (Fal-
con #1009) and add PBS containing 0.1% Triton X-100 (PBS-TX) for 1 min. As-
pirate the coverslips washed in PBS-TX until completely dry.

4. Using a flame-drawn pipette slightly larger than diameter of the extracted eggs,
transfer the permeabilized oocytes to the new PL-coated coverslip; transfer mini-
mum amount of extraction buffer with the oocytes. Continually move pipette
across glass surface as oocytes are gently expelled, but do not introduce air
bubbles. Ideally, this step should be performed with a dissecting scope equipped
with darkfield optics and set at low zoom power.

5. Immediately add 3 ml warm buffer M without detergent or methanol additives.
Do not allow the attached, permeabilized oocytes to air dry.

6. Slowly add –10°C absolute methanol into buffer M until saturation. Incubate
10 min at room temperature.

7. Remove methanol by rinsing in PBS-TX three times.
8. Permeabilized, fixed oocytes can be stored overnight in PBS-TX before starting

immunostaining procedure.

Oocyte or spermatogenic cell fixation using formaldehyde

1. Attach zona-denuded oocytes or spermatogenic cells to PL-coated coverslips in
a 6-well, flat-bottom assay plate and incubate at 37°C for 2–3 min.

2. Remove most of the culture medium from plate but do not expose attached ga-
metes to the liquid–air interface.

3. Carefully pipette into the assay plate 6 ml of fresh 2% formaldehyde (EM grade;
methanol free; Polysciences, Inc., Warrington, Pennsylvania) prepared in protein-
free culture medium (see below) or PBS at 37°C for 1–24 h to fix sample.

4. After fixation, rinse in PBS-TX three times, 5 min between exchanges.
5. Permeabilize/extract fixed specimens in PBS containing 1.0% Triton X-100 for

40 min.
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6. Incubate specimens in PBS containing 150 mM glycine and 3 mg/ml BSA (block-
ing solution) for 30 min.

7. Rinse in PBS-TX three times, 5 min between exchanges.
8. Samples can be stored for 24 h before immunostaining as described below.

Buffer M constituents

50 mM imidazole·HCl, pH 6.8
50 mM KCl
0.5 mM MgCl2

0.1 mM EDTA
1 mM EGTA
25% (v/v) glycerol

Before use, add 1mM ß-mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride
(PMSF; prepared as a 0.1 M stock in absolute methanol and stored at –20°C) and 1–3%
nonionic detergent (e.g., Triton X-100 or Nonidet P-40).

PBS with detergent

137 mM NaCl
2.7 mM KCl
10.1 mM Na2HPO4

1.8 mM KH2PO4

Dissolve salt components in distilled water and adjust pH to 7.2. Add 0.1–1% Triton
X-100 from a 10% stock solution of detergent in distilled water. Filter-sterilize and store
at 4°C.

Calcium-free/protein-free TL-HEPES culture medium

Protocol 10.3. Immunostaining

1. Blot excess PBS-TX off coverslip by touching the edge of the coverslip with a
Kimwipe.

2. Add 90 ml of the antitubulin antibody (i.e., E7 culture supernatant; 1:5 in PBS
containing 5% normal goat serum; Developmental Studies Hybridoma Bank, Iowa
City, IA) to the surface of the coverslip placed on the quad-plate divider of the
4-well petri dish. Add a small amount of PBS to each petri well to humidify the
chamber and incubate at 37°C for 60 min.

Componenta Concentration

Penicillin G 10,000 U/100 ml
phenol red 1 mg/100 ml
HEPES (Na salt) 5.0 mM
NaCl 127.0 mM
KCl 3.16 mM
MgCl2·6H2O 0.5 mM
Na lactateb [0.185 ml per 100 mls]
NaH2PO4·H2Oc 0.35
Glucose 5.0
NaHCO3 2.0

Modified from Boatman (80).

aFinal osmotic pressure should be between 280–290 mOsmol. Sterilize by
filtration and store for maximum of 1 week. Warm to 37°C before use.
bSodium lactate is 60% syrup.
cSodium dihydrogen phosphate should be added slowly to prevent forma-
tion of precipitates in the medium.
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3. Gently decant off the primary antibody. Place the coverslip in the bottom well of
the quad dish and add about 6 mls of PBS-TX. Incubate at room temp for 10 min,
then exchange twice more with fresh PBS-TX, each for 10 min (30 min total).

4. Blot off excess rinse solution; add 90 ml of fluorescein-conjugated goat anti-mouse
IgG secondary antibody. Incubate at 37°C for 60 min in the quad plate humidi-
fied chamber.

5. Rinse in PBS-TX solution as above.
6. Remove the rinse solution; add 90 ml of 2.5 mg/ ml Hoechst 33342 or DAPI to

detect DNA (5 min, room temperature).
7. Blot off excess DNA stain; repeat the rinse step in PBS-TX.

Protocol 10.4. Mounting immunostained coverslips for fluorescent microscopy

1. Rinse immunostained coverslips once in dH2O to remove salt crystallization on
surface of coverslip.

2. Using fine forceps, blot excess water off the coverslip by touching a Kimwipe to
the edge of the glass, invert, and carefully lay the coverslip over 30 ml (for a 22-
mm2 coverslip) of Vectashield antifade (Vector Laboratory, Inc., Burlingame, CA)
added to a glass slide. Avoid introducing air bubbles in this step by touching the
edge of the coverslip to the antifade drop first and slowly lowering the inverted
coverslip until the solution is dispersed over the entire coverslip evenly.

3. Wick away any excess water/antifade solution with a Kimwipe, but do not bump
the coverslip or try to remove the coverslip from the antifade drop after applica-
tion, or the gametes may detach or be crushed in the process.

4. Place slides on a 37°C slide warmer for 5 min to dry the water from the exposed
surface of the coverslip before sealing with nail polish. Avoid getting any nail
polish on top of the coverslip. After sealing, replace on slide warmer for 3–5 min
to completely dry the nail polish.

5. Store samples at 4°C in a light-tight slide box until confocal microscopy.
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1. DETECTION OF CHROMOSOME ERRORS USING FISH

The impact of numerical chromosome errors, or aneuploidies, on fetal development is well
documented. Approximately 60% of spontaneously aborted fetuses are aneuploid (1, 2),
demonstrating the lethality of the condition. Aneuploidies of the sex chromosomes can be
viable, such as X0 (Turner’s syndrome) and XXY (Klinefelter’s syndrome) and some, like
XXX or XYY, have an essentially normal phenotype. However, autosomal aneuploidies
are almost always lethal; the notable exception to this is trisomy 21 (Down’s syndrome).

Most of our knowledge of the effect of aneuploidies comes from analysis of sponta-
neously aborted conceptuses, but for many years there has been great interest in study-
ing the chromosomal complement of early embryos before implantation. Initial studies
using traditional karyotyping techniques were problematic because of the limited num-
ber of cells available and the difficulties in obtaining nuclei in metaphase (3, 4), which
is essential for karyotypic analysis.

The advent of molecular karyotyping techniques such as FISH has made it possible
to enumerate some chromosomes in interphase nuclei. FISH uses sequences of DNA
(probes), labeled with different-colored fluorochromes, which are complementary to
specific sequences on human chromosomes. FISH exploits the double-stranded nature
of DNA. When it is denatured at high temperature, the two strands of DNA separate.
Upon cooling the strands reanneal, providing the opportunity for the fluorescently labeled
probe to hybridize with its complementary DNA sequence in the target. Detection of
this fluorescent probe using a sensitive fluorescence microscope and a computerized
imaging system enables enumeration of that chromosome (Figure 11.1). The accuracy
of the hybridization of the probe and its target DNA depends on the stringency condi-
tions of the reaction. If the stringency is low, then nonspecific hybridization will occur,
and if the stringency is too high, it may not be possible to visualize the fluorescent signal.

The first report of the application of FISH to human blastomeres was by Griffin et al.
(5), who determined the gender of blastomeres using probes to the X and Y chromo-
somes. This led to the first use of FISH for preimplantation genetic diagnosis (PGD),
where prediction of the sex of embryos from couples where the female was a carrier of
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an X-linked recessive disorder was achieved using specific probes for the X and Y chro-
mosomes on a single blastomere biopsied from embryos (6).

Since this time FISH has been used extensively to examine chromosomes in a vari-
ety of single cells including oocytes, sperm, and blastomeres. Up to five probes can be
used simultaneously, and rehybridization using other probes now means that about nine
different chromosomes can be detected in a single cell. The wealth of literature describ-
ing the use of FISH to detect aneuploidies in human embryos has recently been reviewed
(7). This chapter will describe the techniques required to use FISH to enumerate whole
chromosomes in single interphase blastomeres for PGD.

2. TYPES OF FISH PROBES

2.1 Centromeric

Centromeric probes generally hybridize to the centromere of the chromosomes and ex-
ploit the fact that there are highly repeated sequences of a-satellite DNA specific to the

Figure 11.1. Flow diagram showing the important steps and principles of FISH.
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centromeres of most human chromosomes. Because the target sequences are present in
many copies, the fluorescent signal is usually very bright and easy to detect, and only
short hybridization times are required. Specific centromeric probes are not available for
all chromosomes. In particular, chromosomes 13 and 21 and also 14 and 22 have high
sequence homology in the centromeric region, resulting in cross-hybridization of the
probes.

2.2 Locus Specific

These probes are homologous to specific loci or genes outside the centromeric region.
The target may be a small sequence of DNA, and so longer hybridization times are re-
quired to obtain detectable fluorescent signals. Locus-specific probes are available for
the detection of chromosomes 13, 14, 21, and 22, circumventing the problems of iden-
tifying these chromosomes using centromeric probes.

2.3 Chromosome Paints

Chromosome paints consist of cocktails of many probes specific to many different re-
gions of one chromosome. This results in the chromosome appearing to be “painted”
along its length by the fluorescent probe. Chromosome paints are very useful for analy-
sis of metaphase chromosomes, but in interphase cells they often form a large signal
that could represent one or more chromosomes, making confident determination of ploidy
very difficult.

3. AVAILABILITY OF PROBES

FISH probes can be produced in house, but this can be technically demanding, requir-
ing artificial chromosome libraries from bacteria or yeast. Once probes are isolated, they
need to be labeled with fluorophores, usually by nick translation, and thoroughly tested
for hybridization accuracy and efficiency. A number of commercial sources of centro-
meric and locus-specific probes are now available from several companies.

4. PREPARATION OF BLASTOMERES FOR FISH

There are two methods of preparing blastomeres for FISH, and both are described in
detail in Protocols 11.1 and 11.2. The Tarkowski (8) method involves fixing the cells
with a solution of methanol and acetic acid and is based on the longstanding techniques
for preparing metaphase chromosome spreads for routine cytogenetic analysis. The
second method, first published by Coonen et al. (9), involves lysing the cell in a solu-
tion of detergent and hydrochloric acid and allowing the nucleus to adhere onto the
microscope slide without actual fixation.

Each method has advantages and disadvantages. The Tarkowski (8) method results
in a well-spread nucleus, but there is not a great deal of control over the extent of
spread. An overspread nucleus can mean very diffuse signals that are difficult to read,
particularly if many probes are used simultaneously. Also, the nuclei cannot be readily
visualized after fixing. The Coonen (9) method results in more compact nuclei that
give well-defined signals, although the number of probes that can be used simulta-
neously may be limited because of the smaller size of the nucleus and the risk of over-
lapping signals. The nuclei can easily be seen after spreading using phase-contrast
microscopy.
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5. PRECISE LOCATION OF NUCLEI BEFORE FISH

Some FISH protocols use DAPI as the DNA counterstain. This bright purple/blue color
can be readily seen using a 10× or 20× fluorescence objective, and the nuclei are easy
to find to read the signals after FISH is complete. Other FISH probe cocktails, includ-
ing the PGT probe for chromosomes X, Y, 13, 18, and 21 (Vysis Inc., Downers Grove,
IL) and the PB probe for chromosomes 13, 16, 18, 21, and 22 (Vysis) use an aqua DNA
counterstain that is extremely difficult to see except under a 100× objective. Unless the
nucleus has been accurately located before the FISH a great deal of time can be spent
trying to find each nucleus to read the signals.

Precise location can be achieved using an England finder and a graticule marked with
cross-hairs fitted to the eyepiece of the microscope. After FISH is complete, the micro-
scope stage is set in the exact predetermined position, and the nucleus is visualized by
moving to the correct focal plane for the slide. This is consistent for each microscope
and requires one or two revolutions of the fine-focus control.

6. FISH

The protocol described (Protocol 11.3) is similar to that first described by Harper et al.
(10). It should be noted that each FISH probe may have different optimal conditions for
obtaining the brightest signals, and, if commercial probes are used, it is worthwhile to
follow the manufacturer’s instructions particularly for the denaturation, hybridization,
and posthybridization washing steps. If a cocktail of probes is used, it may be difficult
to determine conditions that suit every probe. A good starting point is to use the proto-
col that is optimal for the weakest probe in the set.

7. SUBSEQUENT ROUNDS OF HYBRIDIZATION

A subsequent round of hybridization using probes for different chromosomes than those
detected in the first round enables enumeration of more chromosomes. For the second
round of FISH, it is not necessary to wash the slides in pepsin or paraformaldehyde again.
The protocol can be started by removing the coverslips and washing the slides in PBS
and water. The denaturation step follows, and the protocol is the same as the initial round
of hybridization from that point. It is important to note that successive rehybridizations
result in some degradation of the DNA and loss of efficiency of hybridization (11).

8. VISUALIZATION AND SCORING OF FISH SIGNALS

FISH signals need to be visualized at high magnification using a fluorescence micro-
scope fitted with filters appropriate for the fluorochromes that the probes are labeled
with. Multiband pass filters enable several different fluorochromes to be observed
at once, eliminating the need to change filters for each color signal. It is imperative to
have the correct filters for the fluorochromes being used, otherwise signals will not be
visible.

Figures 11.2, 11.3, and 11.4 show some examples of FISH on human blastomeres.
These images are obtained using a CCD camera and computerized analysis system that
captures an image of each color plane and then overlays them to produce a composite
image of all color planes. Scoring of signals is critical to obtaining the correct results.
Confident signal interpretation is possible when there is no background fluorescence
and the signals are of similar size and brightness. Single signals that have split could be
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misread as two signals. Most investigators use the criteria of Hopman et al. (12), which
suggest that discrete signals should be at least one signal width apart.

Overlapping signals can also result in misinterpretation of FISH results. Many in-
vestigators increase the number of FISH probes used in each analysis by using combi-
nation labeling, where some chromosomes will be detected by probes labeled with a
single fluorochrome and others with a combination of two fluorochromes. For example,
a 3:2 proportion of aqua and red fluorochromes is visualized as magenta. The problem
with this approach is that, using this example, it would be impossible to tell if the ma-
genta signal is hybridized to one locus, indicating one chromosome, or if it is actually
an overlap of the two probes (and hence the two chromosomes) that were labeled in
aqua and red. An example of this is shown in figure 11.2. Using only monocolor probes
avoids this problem (13).

9. TROUBLESHOOTING

The efficiency of FISH depends on many factors, including the type and source of the
probes. In optimal conditions an efficiency of approximately 95% per probe can be
expected. The two most common problems that occur with FISH are weak/failed sig-
nals or excessive background. Weak or failed signals may be caused by (1) inadequate
denaturation of the probe, target DNA, or both; (2) hybridization time too short; (3) ex-
cessive or insufficient humidity in the hybridization chamber; and (4) stringency of
posthybridization wash too high. Excessive background may be caused by (1) improper
cleaning of microscope slides; (2) poor preparation of the nuclei with too much cyto-
plasmic debris present; (3) insufficient pretreatment of the nucleus with pepsin; and
(4) stringency of posthybridization wash too low.

Figure 11.2. FISH image of blastomere nuclei counterstained with DAPI which shows the DNA in
purple/blue. X chromosomes are labeled with red fluorochrome and Y chromosomes with green fluo-
rochrome. (a) A nucleus with two red signals from a female embryo; (b) a nucleus with one red and
one green signal from a male embryo. See color insert.
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Figure 11.4. The advantages of using only monochromatically labeled probes and an imaging
system. (a) This nucleus could easily be diagnosed as monosomy 22 with only one yellow sig-
nal. The arrow shows that one aqua signal may be overlying a yellow signal. (b) The same nucleus
as in panel a, but the imaging system has been used to remove the aqua color plane allowing
unequivocal confirmation that a yellow signal is underneath the aqua. See color insert.

Figure 11.3. FISH images of blastomere nuclei counterstained in aqua. The probes used are for
chromosomes 13 (red), 16 (aqua), 18 (blue), 21 (green) and 22 (yellow). (a) A normal nucleus with
two signals of each color, (b) nucleus with an extra blue signal diagnosed as trisomy 18, (c) nucleus
with an extra red signal diagnosed as trisomy 13. Note that one green and one yellow signal
(arrow) are closely adjacent. (d) This nucleus approximates tetrasomy, as it has four signals of each
color, with the exception of chromosome 22 (yellow), for which there is only one signal. See color
insert.
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10. CONCLUSION

FISH is an effective technique for detecting aneuploidy in single cells. Its application
to blastomeres has provided a wealth of information on chromosome errors in early
embryos. The technique is relatively straightforward. It is important to closely monitor
the conditions of denaturation, hybridization, and posthybridization washing. Good
results can be expected if protocols are followed and one has a basic understanding of
the principles of the technique.

Protocol 11.1. Methanol:acetic acid fixation of blastomeres

1. Microscope slides should be clean and preferably acid washed.
2. Using a diamond pencil, etch a small circle, approximately 2–3 mm diameter, on

the underside of each microscope slide.
3. Prepare a hypotonic solution of 0.6% trisodium citrate.
4. Prepare a solution of 3:1 anhydrous methanol:glacial acetic acid fixative. This

must be prepared fresh and should be discarded after about 4–6 h.
5. Incubate individual blastomeres in hypotonic solution for approximately 1 min.
6. Place the blastomere on the microscope slide over the etched circle in a minimal

volume of hypotonic solution.
7. Observe the blastomere down the microscope and just at the moment before the

cell dries out, use a finely drawn Pasteur pipette to apply a drop of fixative on top
of the cell. The cell should be followed as it moves and a second drop of fixative
added just as the first drop dries. A third drop of fixative should be applied and
the cell allowed to air dry. The approximate location of cell in relation to the etched
circle should be noted.

8. Usually it is not possible to accurately locate the nucleus, except if it is stained
using a 10% Giemsa solution.

Protocol 11.2. Tween 20:HCl spreading of blastomeres

1. Precoat clean, acid-washed microscope slides by incubating them in a 1/10 di-
lution of poly-L-lysine in water for 5 min. Air dry the slides and store them at
4°C, but discard after about 3 months.

2. Make a 1% stock solution of Tween 20 by adding 1 ml of Tween 20 to 99 ml of
water. This can be stored at 4°C.

3. Make the final spreading solution of 0.1% Tween 20 in 0.1 N HCl just before
use by adding 1 ml of Tween 20 stock solution and 0.1 ml of 1 N HCl to 8.9 ml
of water.

4. Using a diamond pencil, etch a small circle, approximately 2–3 mm diameter,
on the underside of each microscope slide.

5. Briefly wash the blastomere in PBS.
6. Place a small drop of spreading solution on the microscope slide over the etched

circle.
7. Using a finely drawn pipette and in a minimal volume of PBS, move the blas-

tomere into the drop of spreading solution.
8. Immediately transfer the slide to the stage of an inverted microscope and ob-

serve the blastomere under a total magnification of 100–200×.
9. After a few seconds up to about 1 min the cell membrane will lyse, and the cyto-

plasmic contents will begin to disperse. The nucleus should become clearly vis-
ible. The cytoplasm will gradually clear and the nucleus will move slowly around
the slide. Follow it until it dries and record its final location with respect to the circle.

10. As soon as possible, wash the slide in PBS for 5 min and dehydrate through a
graded series of 70%, 90%, and 100% ethanol for 1 min each. Air dry.
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Protocol 11.3. FISH

The protocol described here is similar to that first described by Harper et al. (10). Note
that each FISH probe may have different optimal conditions for obtaining the brightest
signals, and, if commercial probes are used, it is worthwhile to follow the manufacturer’s
instructions, particularly for the denaturation, hybridization, and posthybridization
washing steps. If a cocktail of probes is used, it may be difficult to determine conditions
which suit every probe. A good starting point is to use the protocol that is optimal for
the weakest probe in the set.

1. Incubate slides in 100 mg/ml pepsin in 0.1 N HCl at 37°C for 20 min to remove
cytoplasmic debris. A pepsin stock can be made up of 250 mg pepsin dissolved
in 25 ml of 1 N HCl and 0.5 ml aliquots stored at –20°C. One aliquot is added to
49.5 ml of water for use.

2. Wash slides briefly in water and then in PBS.
3. Incubate slides in 1% paraformaldehyde in PBS at 4°C for 10 min.
4. Wash slides briefly once in PBS and twice in water.
5. Dehydrate slides through a graded series of 70%, 90%, and 100% ethanol for 1 min

each. Air dry.
6. The next step is to denature both probe and target DNA. It can be useful to work

in dim light from this point to minimize quenching of fluorescence.

Co-denaturation

For some probes denaturation can be achieved simultaneously by adding the ap-
propriate volume of probe (e.g., 2.5 ml if using a 12-mm diameter round coverslip or
7 ml if using an 18-mm square coverslip) to the microscope slide over the target DNA,
adding the coverslip and heating the slide to 68–72°C for 2–8 min, depending on the
probe.

Separate denaturation

The slide needs to be denatured in 70% formamide in 2 × SSC at 72–74°C for approxi-
mately 5 min. At the same time the probe should be denatured at the same temperature
for approximately 5 min. The probe and the target DNA should be maintained between
50° and 60°C to minimize renaturation while the appropriate volume of probe is added
to the target area of the slide.

1. Hybridize the probe to the target by incubating the slides in the dark at 37°C for
1 h to overnight, depending on the probe used. If longer hybridization times are
required, it is necessary to maintain humidity. This can be achieved placing a small
piece of damp sponge in the chamber. It may also be necessary to seal the hy-
bridization area by applying rubber cement around the coverslips.

2. After hybridization remove the coverslips and wash the slides in a solution of,
for example, 0.7 × SSC/0.3% Nonidet P-40 (NP40) detergent for 2–5 min at 72–
74°C. The exact concentrations of SSC and detergent, the temperature and time
depend on the probe that has been used, and if it is a commercial probe, then the
manufacturer’s instructions should be followed.

3. Briefly wash the slides in 2 × SSC/0.1% NP40 at room temperature.
4. Dehydrate slides through 70%, 90%, and 100% ethanol for 1 min each and air

dry.
6. Apply the appropriate counterstain in antifade solution to the hybridization area

and apply a coverslip to each slide.

Note: SSC solutions are diluted from a 20 × SSC stock, which consists of a solution
of 3 M sodium chloride and 0.3 M sodium citrate.
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1. CYTOGENETICS PERSPECTIVES

Early cytogenetic investigation on plants and animals based on sections and squash
preparations of proliferating tissues such as root tips, bone marrow, and the testis indi-
cated that chromosomal imbalance was often the cause of semisterility and/or embryo
loss. The advent of hypotonic pretreatment (1), postfixation air drying (2), and lym-
phocyte culture procedures (3, 4) provided the technical means for confirmation of these
observations. With the use of these techniques, the number and morphology of chromo-
somes could be precisely delineated, which, in turn, led to the linking of chromosome
abnormalities with specific postnatal malformations in humans (5) and with reproduc-
tive failure in cattle (6). These techniques were successfully applied to testicular mate-
rial, yielding details on the process of meiosis in the male. However, the impact of
abnormal chromosome contributions of the oocyte on subsequent embryo development
could not be assessed until the 1960s and 1970s. Techniques for the preparation of chro-
mosomes from oocytes and embryos, based on procedures for visualizing chromosomes
of somatic cells, were described for the mouse (7), pig (8), human (9), and cattle (10).
The groundbreaking study on human spontaneous abortions by Carr (11) confirmed that
chromosome abnormalities are a significant cause of first trimester pregnancy failures.

Application of the techniques for delineation of oocytes and embryos prepared under
a variety of in vivo and in vitro conditions continues to enhance our understanding of
the impact of chromosome defects on the final steps of oocyte maturation and the early
events in embryo development. The emergence of molecular biology, which has vastly
expanded our knowledge of the specific function of individual genes and gene prod-
ucts, also holds promise for identifying the effects of deletions and duplications of
noncoding genetic sequences. In this chapter we outline methods for chromosome
preparation and analysis (Protocols 12.1–12.6) and describe molecular techniques for
assessing telomeric DNA integrity (Protocols 12.7–12.8) during embryo development.
Changes in DNA integrity have been linked to success or failure of meiosis and mito-
sis and are thought to have profound effects on the success of stem-cell culture and
animal cloning.
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2. CHROMOSOMAL COMPLEMENT AND DEVELOPMENTAL POTENTIAL

Technical advancements in chromosome preparations have allowed assessment of the
impact of chromosome variations on specific stages in mammalian development, in-
cluding those present in the germ line before meiosis, those that arise during meiosis
and fertilization, and those that occur subsequent to fertilization. Chromosome changes
constituting a deviation from the species-specific karyotype are associated with growth
arrest and/or developmental failure, malformations, and aging (12). The most frequently
observed deviations from the normal karyotype in oocytes are aneuploidy, with near-
haploid chromosome number resulting from the loss (or an excess) of individual chro-
mosomes, and diploidy, with double the haploid number at the second meiotic metaphase
resulting from the failure of meiosis I (first division of meiosis) (13–15). Abnormal
karyotypes of the zygote and the early cleavage stages reflect the processes that were
affected either at meiosis or at fertilization. They include variations such as aneuploidy,
polyploidy (multiples of the haploid set of chromosomes, in excess of two), and mixo-
ploidy (cell types with two or more different chromosomal complements within the same
embryo). Rates of development, as well as the survival of the early embryos, are af-
fected by the embryo’s chromosome complement. Among bovine embryos produced
in vitro, those with a diploid chromosome complement consistently display a signifi-
cantly higher cell number and a faster rate of development to the blastocysts stage than
do polyploid or mixoploid embryos (16).

A systematic study of developing embryos showed that the prevalence and types of
chromosome variations change as development progresses (13, 16). These variations
often lead to stage-dependent death of the embryos or to the elimination of individual
cells through apoptosis, depending on the stage of embryogenesis at which the defects
occurred, the type of chromosome involved, and the severity of the defect. Thus, a loss
of an autosome during early postfertilization divisions might lead to the loss of the
embryo, whereas a similar change at a later stage may retard the growth rate due to the
elimination of cells that sustained the loss. In cattle, the majority of chromosomally
abnormal embryos are eliminated during the first 2 weeks of development (17, 18). It
has been hypothesized that there is a threshold level of chromosomally abnormal cells
that are tolerated as the embryos grow and still survive. Embryo survival, therefore, may
be thought of as a balance between the proportion of abnormal cells and the ability of
the conceptus to eliminate such cells by selective cell death (apoptosis) or to sequester
them into the trophectoderm lineage (19, 20).

3. TELOMERES

Telomeres are the physical ends of linear chromosomes. Early cytological and genetic
studies demonstrated that these terminal regions are essential for maintaining chromo-
some integrity and that chromosomes with truncated ends are unstable and fuse with
other chromosomes or are lost during cell division (20, 21). As demonstrated in yeast,
removal of telomeres even from a nonessential chromosome can lead to the dramatic
loss of that chromosome during cell division (22). Association of telomeres with each
other and with the nuclear membrane during early stages of meiosis and mitosis are
interactions that are probably of fundamental importance for homologous chromosome
pairing (23), recombination (24), and the positioning of chromosomes within the nucleus
(25). Telomeres play a crucial role in the correct segregation of chromosomes (26, 27)
and buffer the loss of terminal DNA that occurs during DNA replication (reviewed by
Blackburn [28]). Hence, damage to, or deficiencies in, the telomere structure can have
profound effects on chromosome maintenance and function.

In most eukaryotic species, the telomere consists of a repeat sequence of a small
number of deoxynucleotides and specific binding proteins that cap both ends of each
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chromosome. Mammalian telomeric DNA contains the hexameric repeat, TTAGGG,
which may be tandemly reiterated up to 15 kilobases in humans (29, 30). The telomere
length varies widely among species and also among the cells of an individual (reviewed
by Preston [31]). A G-rich, single-stranded overhang extends beyond the double-stranded
telomere section, which is folded back into the DNA helix by means of specific telomere-
binding proteins, forming a T-loop structure that disguises the single-stranded region
(32). The inherent shortening of telomere length in continuously dividing cells is con-
sidered to be primarily due to the end replication problem (33, 34). Because of the uni-
directional synthesis of DNA polymerases and the requirement of a 5' primer, DNA
replication of the distal 3' end of each lagging strand is incomplete, leading to telomere
loss of approximately 50–200 bp per cell division in vitro and in vivo (35–38). This
shortening of telomere length has been suggested to be a mitotic clock regulating the
proliferative capacity of cells by signaling senescence (an irreversible cell-cycle arrest),
when dividing cells reach a critically short telomere length and the G-rich, single-stranded
overhang is unmasked (32, 39).

4. TELOMERASE

The vulnerability of the progressive shortening of the telomere is overcome by the ri-
bonucleoprotein telomerase, which is expressed in the germ line (40–42) and ensures
transmission of full-length chromosomes to the progeny. Telomerase is a multi-subunit
reverse transcriptase that uses its RNA component to anchor to the chromosome end
and to synthesize telomeric DNA by way of the complementary repeat sequence (43).
Telomerase activity has also been detected in other regenerative tissues such as the
endometrium, stem cells, blood cells, epidermis, and liver (44–47). In addition, telo-
merase reactivation is thought to be essential for stabilizing telomere length and acqui-
sition of cellular immortality in most human cancer cells (reviewed by Shay and Bacchetti
[48]). Generally, the presence of telomerase activity and maintenance of telomere length
are associated with cellular immortality, and the lack of telomerase activity and short-
ening of telomere length are attributed to cellular aging and senescence.

5. TELOMERE LENGTH DURING MAMMALIAN DEVELOPMENT

The transmission of full-length telomeres to the subsequent generations is accomplished
by the expression of telomerase in the germ line. However, telomeres shorten in divid-
ing cells upon suppression of telomerase activity during cellular differentiation (49).
Although there are significant telomere-length differences between individuals, there
is telomere-length synchrony among human fetal tissues, which is eventually lost dur-
ing postnatal life (50). Telomere length is similar in different tissues of newborn mice
but differs between tissues of each adult animal (51). The telomere-length variations
among and within newborns probably reflect the different proliferative rates of cells
(50) and the rates of cell differentiation (52) in various tissues. However, in contrast to
human tissues, adult mouse tissues exhibit telomerase activity and telomeres that are
much longer than those of human chromosomes (51).

The telomere hypothesis of aging can be tested in vivo using nuclear transfer tech-
nology because it allows the production of cloned animals from adult and cultured so-
matic cells without the involvement of the germ line. Nuclear transfer of aged and
culture-propagated bovine somatic cells into enucleated bovine oocytes allows restora-
tion of telomere length in cloned bovine fetuses and offspring (53–55). Although it is
not clear when telomere restoration occurs during cloned bovine embryo development,
the rebuilding of telomere length from the shorter telomeres of the donor cells could be
due to the nuclear reprogramming of telomerase activity, detected at the blastocyst stage
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of cloned embryo development (55). These results differ from studies in which te-
lomere erosion did not appear to be repaired after nuclear transfer in sheep (56, 57)
and where telomere length of cloned calves was extended beyond those of newborn
and age-matched control animals using near-senescent cells as nuclear donors (58).
Differences between donor cells in telomere-binding proteins (59), the extent of nuclear
reprogramming of telomerase activity and its ability to extend telomeres (60), the
regenerative ability of donor cells of different species, cell types, and the age of
donors may account for these differences. It is not known whether the longevity of
these animals will be reflected in their telomere lengths. Despite having shorter mean
terminal restriction fragment (TRF) lengths, cloned sheep are healthy, fertile, and
display physiological and morphological characteristics typical of sheep of their
breed and age (57). However, cells derived from cloned bovine fetuses display a 50%
longer proliferative capacity than those obtained from control fetuses (58). Never-
theless, these results suggest that bovine oocytes and normal and reconstructed em-
bryos do contain a protective mechanism(s) to ensure telomere-length maintenance,
repair, and regeneration, providing chromosomal stability during meiosis and embryo-
genesis. Further research using somatic cell nuclear transfer will allow a better un-
derstanding of the relationship between physiological aging, telomere length, telomere
maintenance/lengthening mechanisms, and the replicative capacity of cells, both
in vivo and in vitro.

Loss or acquisition of a whole chromosome or a chromosomal segment generally
has a profound and often deleterious effect on embryo survival. Developmentally regu-
lated changes such as late replication of the inactive X chromosome, errors incurred
during postfertilization mitoses, and telomere shortening occurring as the embryo cleaves
and begins to differentiate lead to more subtle restrictions on the developmental potential
of the embryo through their specific impact on individual cells and their descendants.
Understanding and overcoming these restrictions pose challenges for the successful
reprogramming of cells in conjunction with cloning and stem cell culture. The tech-
niques described in the remainder of this chapter (Protocols 12.1–12.8) provide vital
tools for the advancement of research in this area.

6. CHROMOSOME PREPARATIONS FROM OOCYTES,
EMBRYOS, AND FETAL TISSUES

Successful chromosome analysis of oocytes, embryos, and fetal tissue requires fixed,
well-spread chromosomes devoid of cytoplasm and cytoplasmic and other cell debris
(Protocols 12.1, 12.2). Oocytes progress from germinal vesicle stage to metaphase II
(MII) in a species-dependent manner when removed from follicles and placed in cul-
ture in vitro. Thus the particular stages of meiosis can be examined by fixing oocytes at
defined times after the initiation of in vitro maturation (Protocol 12.1). After fertiliza-
tion, only the first two or three cleavage divisions are synchronous, and mitosis only
takes 2–3 h out of a 12- to 18-h cell cycle. It is therefore advantageous to synchronize
the mitotic process in blastomeres (Protocol 12.1). The most common approach is to
use mitotic spindle inhibitors such as colcemide or nocadazol. While microtubule
inhibitors arrest the nuclei in metaphase, the individual chromatin threads continue to
contract. Prolonged exposure to microtubule inhibitors results in highly contracted chro-
mosomes that are difficult to analyze. It is therefore important to optimize the concen-
tration and duration of exposure to the specific spindle inhibitor used for each species
and culture condition.

To obtain well-spread nuclei devoid of cytoplasmic debris, it is necessary to pretreat
cells with a hypotonic solution to allow the cells to swell and to ensure dispersal of
cytoplasm during fixation. Briefly incubating cells in a hypotonic saline solution will
induce swelling of the cytoplasm and aid in separation of the chromosomes. This is a
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critical step because remnants of cytoplasm and other cellular debris will obscure the
visibility of chromosomes and reduce the accessibility of the hybridization probes to
the specific target, thereby leading to high levels of background staining. As with mi-
crotubule inhibitors, each method must be optimized for the individual system, species,
and culture conditions used.

The fixative generally used for high-quality chromosome preparation is a precipitat-
ing fixative consisting of a mixture of methanol and acetic acid or ethanol and acetic
acid (by volume), usually in the proportions of 3:1. Embryos are rapidly fixed directly
on clean, lint- and grease-free slides. There is species variation in the response of the
embryos to fixation. For example, species such as cattle require a higher proportion of
acetic acid to dissolve the zona pellucida and let the chromosome adhere to the slide.
Occasionally, chromosomes and nuclei from embryos do not adhere to slides and can
be lost during staining or in situ hybridization. To avoid such loss, slides may be pre-
treated with gelatin-chromic alum (61) or poly-L-lysine (62). Alternatively, the slides
pre-coated with positively charged groups (Superfrost Plus slides, Kindler, Freiburg,
Germany) may be used. For in situ hybridization (ISH), prolonged fixation should be
avoided to ensure that the target sequences are maintained. Examples of preparations
obtained from metaphase and interphase nuclei from bovine oocytes and embryos are
provided in Figure 12.1.

7. FLUORESCENT IN SITU HYBRIDIZATION

The in situ hybridization (ISH) technique was first described in the late 1960s by two
independent groups (63, 64). The method (Protocols 12.3–12.6) is based on the visual-
ization of specific sequences of DNA or RNA in intact nuclei (or on chromosomes) by
their complementary annealing through hydrogen bonds formed between bases attached
to the sugar-phosphate backbone. For a successful outcome, ISH requires skills in mo-
lecular biology and cytology, availability of suitable probes for specific hybridization
to the chromosome or to the gene of interest, and accessibility of the target nucleic acid
for hybridization with the probe.

Depending on the nature of the material to be hybridized, the target nucleic acid is
most often cross-linked and embedded in a complex matrix. As a consequence, the ac-
cessibility of the probe decreases. Initially, only radioisotopes and autoradiography were
used for visualization of specific hybridization. In more recent years, fluorescent labels
have become increasingly popular. The development of these sensitive, safe, and rapid
labeling systems has been a crucial step toward expanding the use of this technique in
a number of fields of biomedical research including cell and developmental biology,
genetics, and pathology.

The use of FISH (Table 12.1) for localizing genes on chromosomes of embryos is
presented in this section. FISH is now more frequently used for chromosome analysis
of human embryos than conventional karyotype analysis. It has allowed characteriza-
tion of numerous chromosomal abnormalities in preimplantation embryos (65). The
increasing popularity of FISH compared to karyotyping is mainly due to the problems
encountered in culturing embryos and obtaining metaphase spreads from a representa-
tive number of blastomeres within an embryo (66, 67). In addition, when metaphases
are obtained, they are often either poorly or overly spread. Moreover, the identification
of individual chromosomes is usually more difficult in embryos in which chromosomes
are highly contracted due to the long exposure to the microtubule inhibitor. Therefore,
limited information is gathered from embryo karyotyping due to the low number of
analyzable cells (68). This problem is circumvented by the use of FISH because it en-
ables the use of chromosome-specific probes for the analyses of interphase nuclei.
Various types of nucleic acid probes for ISH have been described. These can be divided
into three different categories:



198 A LABORATORY GUIDE TO THE MAMMALIAN EMBRYO

Figure 12.1. Methanol-acetic acid fixed preparations from bovine oocytes and two-cell and blas-
tocyst stage embryos. Nuclei (interphase and metaphase) were stained with 4% Giemsa (A–D)
or subjected to FISH using fluoresceinisothiocynate-labeled detection systems (green) and coun-
terstained with propidium iodide (red). (A) Giemsa-stained germinal vesicle stage oocyte;
(B) Giemsa-stained metaphase I; (C) Giemsa-stained metaphase II; (D) two Giemsa-stained
metaphase spreads from a two-cell-stage embryo; (E) a blastomere nucleus after FISH using a
repetitive DNA sequences specific for chromosomes 14, 20, and 25; (F) two blastomere nuclei
from a haploid parthogenetically activated oocyte after FISH using a unique DNA sequence
specific for chromosome 1 (signal is indicated by the arrow); (G) a metaphase spread from a
blastocyst after FISH using a PNA telomere repeat (TTAGGG) probe. See color insert.
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1. Chromosome-painting probes derived from individual chromosome libraries iso-
lated by flow cytometry. These probes are used mainly to detect structural chro-
mosome abnormalities.

2. Probes derived from unique or low copy sequences (figure 12.1e). These probes
enable the physical localization of genes on specific chromosomes and detection
of gene deletions and transgene insertions. However, they are the most difficult
of all ISH probes.

3. Probes derived from repeated sequences. These probes are powerful tools for
detecting numerical abnormalities of individual chromosomes. In ISH they dis-
play distinct bright signals in metaphase as well as interphase nuclei (figure 12.1f).
Such probes are already isolated and cloned for several individual chromosomes
in humans. This is not the case for other species, including cattle, for which only
a few repetitive DNA probes are available (69, 70).

In addition, peptide nucleic acid probes (PNA) have been recently developed for
detecting single-copy loci as well as repetitive sequences such as telomeres (fig-
ure 12.1g). The main advantage of these probes is that they are neutral, and consequently
they access their target better than DNA probes. However, these probes are expensive,
and their use is limited to very short sequences.

8. DETECTION OF TELOMERASE ACTIVITY

The development of the telomeric repeat amplification protocol (TRAP; Table 12.2) has
allowed large-scale screening of telomerase activity in samples of small cell numbers
and limited tissue (40). TRAP is a PCR-based assay that involves the addition of telomeric
repeats (TTAGGG)n to the 3' end of a radiolabeled oligonucleotide substrate (32P-TS
primer) that telomerase recognizes and binds to (Protocol 12.7). The extended TRAP
products are amplified by the PCR using the substrate oligonucleotide and reverse prim-
ers, generating a ladder of products with 6-base increments starting at 50 nucleotides
(e.g., 50, 56, 62, 68). TRAP reaction products are resolved by gel electrophoresis and
then analyzed by densitometry (Figure 12.2).

9. MEASUREMENT OF TELOMERE LENGTH BY TERMINAL
RESTRICTION FRAGMENT ANALYSIS

A variety of methods have been described to detect and measure telomere length (Proto-
col 12.8). FISH using a telomere DNA probe (CCCTAA)3 can localize telomeric DNA to

Table 12.1. Reagents Required for FISH

Reagents Supplier Catalogue No.

BioNick labeling system
Herring sperm
DNA calf thymus
Sephadex GX50
Formamide
Dextran sulfate
Antibiotin antibody
FITC-ANTI-IgG
Propidium iodide
Vectashield
BSA

Gibco BRL (Gaithersburg, MD)
Sigma (St. Louis, MO)
Sigma
Pharmacia (Uppsala, Sweden)
Fisher (Houston, TX)
Sigma
Applied Biosystems (Foster City, CA)
Tebu (be Perray-en-Yvelines, France)
Sigma
Vector (Burlingame, CA)
Sigma

18247-015
D-7290
D-8661
17-057301
BP228-100
D-8906
Sp.300
009RAGF
P4170
H-1000
A-9205
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metaphase chromosome spreads (42). Fluorescent quantification of hybridization signals
(Q-FISH), alongside standard curves of fluorescent intensity of telomeric DNA of known
length, can determine telomere lengths of individual chromosomes from metaphase nuclei
(75). To measure the average length of telomere repeats in individual cells, a flow cytometry
method using FISH (flow FISH) has been developed (76). However, the traditional tech-
nique of measuring telomere length employs Southern blot analysis of TRF obtained by
restriction endonuclease digestion of genomic DNA. The absence of restriction recogni-
tion sequences within the telomere allows telomere length to be determined. The chromo-
somal DNA is cut into small fragments except for the telomeres and subtelomeric regions
(DNA adjacent to the telomere), which together comprise the TRF (Figure 12.4). After di-
gestion, the DNA fragments are separated by gel electrophoresis, blotted, and TRF profiles
are visualized directly or indirectly by hybridization with a labeled telomeric DNA oligo-
nucleotide that is complementary to the telomeric repeat sequence. Finally, the size distri-
bution of the TRFs can be compared to a DNA-length standard (35). A few commercial
kits have been developed recently that use nonradioactive chemiluminescent probe to de-
termine telomere length. TRF analysis can be carried out using either the TeloQuant Te-

Table 12.2. Materials and Reagents Required for the TRAP Assay

Material/Reagent Supplier Catalogue No.

2-propanol (isopropanol) Sigma I-9516
40% Polyacrylamide/bisacrylamide stock (19:1) Bio-Rad (Hercules, CA) 161-0144EDU
Ammonium persulfate (APS) Bio-Rad 161-0700EDU
Bio-Rad Protein Assay Kit Bio-Rad 500-0002
Boric acid Sigma B-0252
Bromophenol blue Sigma B-6131
EDTA Sigma E-5134
EGTA Sigma E-3839
Ethanol Fisher —
Filter paper Fisher —
Fuji Medical X-ray Film (Super RX) Fisher —
Glacial Acetic Acid Fisher —
Glycerol Sigma G-2025
Heat block Fisher —
Magnesium chloride (MgCl2·6H2O) Sigma M-2670
Nonidet P-40 (NP40) Sigma N-6507
PAGE vertical gel apparatus BioRad —
PhosphorImager Molecular Dynamics —
PMSF Sigma P-7626
Potassium chloride Sigma P-4504
Potassium phosphate (KH2PO4) Sigma P-5655
Power supply BioRad —
Pronase Calbiochem (LaJolla, CA) 537088
Ribonuclease (RNase) inhibitor Gibco BRL 15518-012
Sodium acetate Sigma S-8625
Sodium chloride (NaCl) Sigma S-3014
Sodium deoxycholate Sigma D-6750
Sodium phosphate (Na2HPO4·7H2O) Sigma S-9390
Sterile H2O — —
SYBR Green Molecular Probes (Eugene, OR) S-7563
T4 polynucleotide kinase Gibco BRL 18004-010
Taq polymerase Gibco BRL 10342020
TEMED Bio-Rad 161-0800EDU
Thermocycler (PCR) — —
TRAPeze Telomerase Detection Kit Intergen Company (Norcross, GA) S7700
Tris base Sigma T-1503
Xylene cyanol Sigma X-4126
b-mercaptoethanol Sigma M-7522
32P-ATP Perkin-Elmer (Wellesley, MA) BLU502H
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lomere Length Assay Kit (BD PharMingen, San Diego, California) or Telo TAGGG Te-
lomere Length Assay (Roche Molecular Biochemicals; see Table 12.3).

10. CONCLUSIONS

The techniques described in this chapter have evolved since the mid-1960s and reflect
the progressive refinements of methods used for studying early embryo development.
Before these innovations, our understanding of the chromosome makeup of preimplan-
tation embryos was based on projections of observations made during gametogenesis
and fetal development. The application of techniques such as the ones described here
has filled in many of the gaps in our knowledge of the developing embryo and has pro-
vided new insights into the consequences of chromosome variations. These advances,
which permit the shift from examination of whole chromosomes to the identification of

Figure 12.2. Detection of telomerase activity using the telomeric repeat amplification protocol
(TRAP) assay. 1. Extracts are prepared by detergent lysis of cells, tissues or embryos. 2. Telo-
merase in the extract elongates 32P-labeled TS-primers producing DNA products heterogeneous
in length. 3. The telomerase products are amplified by the polymerase chain reaction (PCR). 4. The
amplified products are run in a 10% polyacrylamide gel and then exposed to a PhosphorlmagerTM
screen. TRAP products appear as a ladder of DNA products with 6 base increments starting at 50
nucleotides. A 36-bp internal standard is produced as a PCR amplification control and equal
loading control between samples. In this example the lanes are: Bovine lymphoma (BL); adult
fibroblasts (AF); fetal fibroblasts (FF); heat-inactivated control (HI); positive control (+); nega-
tive lysis control (–). 5. The relative telomerase activity (RTA) between samples is determined
by densitometric analysis of the phosphorImageTM.
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chromosomal regions and individual gene sequences, are the result of advances in re-
productive technologies and molecular biology. In this regard, advances in in vitro
embryo production procedures have created a source of material for the development
of techniques and experimental systems for studying the causes and effects of chro-
mosome variations. Recent studies have shown the effects of the in vitro culture en-
vironment on chromosome constitution in general and on telomeres in particular. The

Figure 12.3. Embryo dilution series for telomerase detection by the TRAP assay. To determine
the optimal embryo equivalents to use in the TRAP assay, serial dilutions of cell extracts are ana-
lyzed. (A) PhosphorImageTM of a PAGE displaying a ladder of telomeric repeat amplification
protocol products, with a 36 bp internal standard to control for equal sample loading and aberrant
PCR amplification. Telomerase activity is highest in samples of larger embryo equivalents (5.0)
and decreases as embryo equivalents are reduced. However, at high protein concentrations, PCR
artifacts are apparent due to oligonucleotide primer dimers and Taq inhibitors that also reduce the
36 bp internal control signal. Heat inactivated (HI) control, positive 293 cell extract control (+)
and negative lysis buffer control (–) are used in each TRAP assay. (B) Densitometric analysis of
TRAP reaction products reveals the relative telomerase activity between samples of different em-
bryo quantities. A linear distribution is evident with the chosen optimal TRAP embryo content
(1.25 embryo equivalents) for subsequent experiments indicated by the arrow.
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long-term effects of subtle variations in choromosomes that arise during in vitro cul-
ture and manipulation of embryos and oocytes have yet to be determined.

Acknowledgments The financial support of the Natural Sciences and Engineering Research
Council of Canada, the Canadian Institutes of Health Research, the Food Systems Biotechnol-
ogy Centre, and the Ontario Ministry of Agriculture, Food and Rural Affairs, and the Ontario
Research and Development Challenge Fund is gratefully acknowledged. We thank Ed R. Reyes
and Liz St. John for technical support and for assistance with the preparation of this chapter and
Dr. Lena King for reviewing the manuscript and for helpful discussions.

Protocol 12.1. Air-dried chromosome spreads from zona pellucida-enclosed
oocytes and embryos

1. Introduce embryos to equilibrated, prewarmed culture medium containing a
microtubule inhibitor. (Colcemide at a final concentration of 0.05 mg/ml me-
dium is one of the most popularly used.)

2. Incubate at 39°C in 5% CO2 for up to 5 h (minimum of 30 min).
3. Transfer the embryo into a hypotonic solution (0.88% sodium citrate) and keep

at room temperature for 3–5 min (requires optimization).
4. Place the embryo with a small drop of hypotonic solution onto a precleaned slide.

The hypotonic solution should not be allowed to evaporate, as this will dry the
embryo or (oocyte) and prevent spreading of the chromosomes.

5. Drop 1–2 drops (~ 50 ml) of freshly prepared fixative onto the embryo (1:1
methanol:acetic acid for bovine embryos and 3:1 for mouse embryos).

6. Mark a circle on the back of the slide to indicate the location of the embryo.
7. Air-dry by blowing on the slide.
8. Place the slide into fresh fixative (3:1 methanol:acetic acid) for 30 min (if bo-

vine embryos).
9. Remove the slide from the fixative and air-dry at room temperature in a fume

hood or well-ventilated area.
10. Stain in 4% Giemsa (ddH2O) for 4 min.
11. Mount a # 1 coverglass with DPX mounting medium.

Note: Oocytes do not require incubation with spindle inhibitors. Begin at step 3. If
the chromosomes do not spread or are overspread, adjust the duration of the hypotonic
treatment (step 3).

Table 12.3. Materials and Reagents Required for the TRF Assay

Material/Reagent Supplier Catalogue No.

Telomere Length Assay Kit
TeloTAGGG Telomere Length Assay Kit
Hinf I
Hybond-N+ Nylon Transfer Membrane
Rsa I
Fuji Medical X-ray Film (Super RX)
Agarose
NaOH pellets
Hydrochloric acid, 50% v/v (1+1)
Lauryl sulfate (SDS)

BD PharMingen (San Diego, CA)
Roche Molecular Biochemicals (Basel, Switzerland)
Gibco BRL
Amersham Pharmarcia Biotch (Piscataway, NJ)
Gibco BRL
Fisher
Gibco BRL
Sigma
Fisher
Sigma

559838
2 209 136
15223-019
RPN 303B
15424-013
03G050
15510027
S-5881
LC15130-1
L-4509
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Protocol 12.2. Extraction of embryonic interphase nuclei for FISH

Method

1. Transfer embryo to a petri dish containing lysing buffer (0.01 N HCl, 0.1% Tween
20).

2. Place the embryo with 3–5 ml lysing buffer on a microscope slide.
3. The zona pellucida and the blastomere cytoplasm dissolve gradually. Observe

the embryos constantly under an inverted phase-contrast microscope (100×). It
may be necessary to blow gently on the sample in order to remove the debris and
disperse the nuclei. Use needle in difficult cases. Spreading usually takes 15 min
at room temperature.

4. Immediately before the nuclei dry out, add fixative dropwise (3:1 methanol: gla-
cial acetic acid).

5. The specimens are then fixed in 3:1 methanol: glacial acetic acid at 4°C for 24 h.
6. Air dry the specimens.
7. To harden nuclei, incubate at 60°C overnight or at 65°C for 2 h.
8. Store at –20°C or at –80°C until use.

Note: Amount of lysing buffer varies with embryo size and ambient temperature.
Dead or dying embryos are difficult to spread.

Protocol 12.3. Air-dried chromosome preparations from hatched embryos
and fetal tissue

1. Cut embryos or fetal biopsies into 1-mm3 pieces.
2. Incubate in equilibrated, prewarmed culture medium containing colcemide

(0.05 mg/ml) at 37°C for 2–4 h.
3. Transfer the pieces individually into 1.0 to 2.0 ml hypotonic solution (0.88%

sodium citrate) in a petri dish or multiwell plate and incubate at room tempera-
ture for 10 min.

4. Transfer the pieces individually to 1.0 ml of freshly prepared fixative methanol-
acetic acid (3:1) in a tube with a round or conical bottom. Let stand at room tem-
perature for 10 min.

5. Remove all of the fixative, leaving the tissue attached, but not dried, to the bot-
tom of the tube.

6. Add one or two drops (50 ml) 50% acetic acid (in distilled water) to cover the
pieces. This step requires optimization to accommodate the size and cell density
of the embryos and tissues.

7. Gently agitate the acetic acid solution to facilitate dissociation of the cells.
8. Aspirate the acetic acid solution containing the cells into a pipette and repeatedly

express and reaspirate onto the surface of a precleaned glass microscope slide
warmed to 40°C. The acetic acid solution will form a bead on the slide. As it is
aspirated back into the pipette, it will leave a trail of cells attached to the slide.

9. Stain in 4% Giemsa (in ddH2O) for 4 min.

Note: It is essential to ensure that the fixative is totally removed (step 5). If fixative
remains in the tube, the cells will not dissociate in the acetic acid solution. If this hap-
pens, the amount of acetic acid added can be adjusted. However, the suspension of cells
will become very diluted, and the metaphase spreads will be difficult to locate.

Protocol 12.4. FISH analysis

The technique described here is adapted for mammalian embryo FISH using repetitive
DNA sequence probes. The theory and practice of each of the FISH step (probe label-
ing, denaturation-hybridization, and detection of the ISH sites) are discussed below. A
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list of reagents required for FISH, along with suppliers and catalog numbers, is pre-
sented in Table 12.1.

Hybridization pretreatment

Pretreatment of material before hybridization is a standard step in most ISH protocols
and helps increase probe penetration and accessibility to the target and reduce nonspe-
cific hybridization. RNAse to digest single-stranded RNA and enzymes including pro-
teinase K, Pronase, or pepsin (in HCl) to digest proteins are the pretreatment reagents
most widely used. However, this step is not essential and can be omitted when perform-
ing FISH with repetitive probes, especially when nuclei are free from cytoplasm and
other cellular material.

After fixation and before hybridization, the material is usually dehydrated in an as-
cending series of ethanol baths (70%–90%–100%) for 5 min each to ensure that the probe
will not be diluted.

Probe labeling overview

For numerical chromosome analysis, probes derived from repeated satellite sequences
are the best for the identification of individual chromosomes in interphase nuclei. Painting
probes can also be useful. However, in interphase nuclei the hybridization signals are
large and sometimes hard to analyze when dealing with polyploidy or polysomy.

For FISH, probes are labeled by the incorporation of a modified nucleotide with a
hapten group for which a specific antibody coupled to an enzyme is available. The nu-
clei are incubated with this specific antibody, and the use of a substrate for the enzyme
produces the signal. The most commonly used haptens are biotin and digoxigenin, which
can both be detected by immunohistochemistry.

Biotin can be incorporated into the nucleic acid in several forms, the most widely
used being biotin-11-dUTP. Digoxigenin is a phytosteroid that can be incorporated into
the nucleic acid in the form of digoxigenin-11-dUTP.

For double-stranded DNA cloned probes, there are two enzymatic labeling proce-
dures: nick translation and random priming. The nick translation procedure for labeling
the probe is described here, as random priming does not efficiently label circular DNA,
and the labeling is not limited to the insert.

The nick translation reaction, first described by Rigby et al. (71), employs two en-
zymes: DNase I, which makes cuts in one strand (nicks) at random sites on the template
DNA, and DNA polymerase, which incorporates labeled nucleotides. A mixture of both
of these enzymes optimized to produce more than 50% of incorporation in 1 h is com-
mercially available in kit form (BioNick labeling system).

Probe labeling method

The procedure uses the BioNick labeling (Gibco, Gaithersburg, MD) system, and the
protocol is a modification of the manufacturer’s instructions.

1. Add the following (in the order shown) to a 1.5 ml Eppendorf tube on ice:
5 ml 10× dNTP mix
500 ng DNA
Distilled water to make up to a final volume of 45 ml
5 ml 10× enzyme mix

2. Mix well, centrifuge at 15,000 G for 5 s).
3. Incubate at 16°C for 1 h.
4. Stop reaction by adding 5 ml stop buffer.
5. Remove unincorporated nucleotides by passing the labeled probe through a

Sephadex GX50 column.
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6. Measure the volume of the elute, then ethanol precipitate the purified, labeled
probe by adding the following:

0.1 mg Herring sperm DNA
0.1 mg calf thymus DNA
0.1 vol. 3 M sodium acetate, pH 5.6
2–2.5 vol. ice-cold ethanol (100%)

Mix well and place at –70°C for at least 1 h or at –20°C overnight.
7. Centrifuge in a microcentrifuge at 12,000 rpm for 15 min at 4°C. Pour off the

supernatant, rinse with ice-cold ethanol (70%), and centrifuge as above. Pour off
the supernatant and dry the pellet (air dry or in a vacuum dessicator); resuspend
the pellet in 50 ml of hybridization mix (see below) to give a final concentration
of 10 ng/ml.

8. Allow the DNA to dissolve overnight at 4°C.

Solutions

Hybridization mix (10 ml)

7 ml (25 ml formamide + 10 ml SSCP, pH 7)
1 g dextran sulfate
3 ml H2O

Incubate at 37°C for 20 min.

SSCP (1000 ml)

70 g NaCl
44 g Na3C6H5O7·2 H2O
500 ml H2O
500 ml A (phosphate buffer)

Solution A:

300 ml Na2PO4·2 H2O, 0.4 M
288 ml Na2HPO4·12 H2O, 0.4 M

Protocol 12.5. Denaturation and hybridization

Both the probe and the target sequences need to be denatured to make them single
stranded for ISH. Usually denaturation is performed in heated formamide. Formamide
reduces the melting temperature; Tm, the temperature at which 50% of the nucleic acids
are dissociated into single strands (72) by disruption of hydrogen bonds between comple-
mentary bases.

The temperature of denaturation and the concentration of formamide should be op-
timized empirically for each material investigated. Denaturation of target DNA differs
depending on the species, cell type, and the fixation procedure. Usually it is more dif-
ficult to deal with target DNA than with the probe because the target can be associated
with proteins and sometimes can be coiled, especially in chromosomes, and thus can
affect the efficiency of denaturation. A protocol of denaturation-hybridization specifi-
cally adapted for blastomeres derived from bovine embryos is presented below.

Once the probe and the target nucleic acids are single stranded, the probe is usually
left to hybridize with the target overnight at 37°C. However, hybridization efficiency
can be influenced by several factors, including probe concentration, duration of expo-
sure, and temperature. Hybridization conditions are often optimized empirically. The
duration of hybridization depends on the length, sequence complexity, and the concen-
tration of the probe. Rapid hybridization usually occurs with short and simple sequence
probes at high concentration levels.
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Competitive in situ hybridization

An additional step can be done before hybridization for probes that are cloned in large
DNA fragments, such as phage or cosmids, to block ubiquitous repetitive sequences.
This is achieved by a short incubation before hybridization with unlabelled bovine com-
petitive DNA such as calf thymus DNA. Prehybridization annealing is performed for
30–60 min.

Denaturation and hybridization

1. Denature the probe mixture by boiling for 10 min. Place tubes in crushed ice for
3 min. Place the probe mixture at 37°C for 1 h (for competitive ISH).

2. Just before hybridization, denature the nuclear DNA as follows:
Incubate slides in denaturing solution at 72°C for 2 min.
Wash slides in cold 2× SSC.
Dehydrate using a cold ethanol series (70%–90%–100%).
Air dry.

3. Place the probe mixture (25 ml) over the nuclei, cover with a plastic cover slip,
and place the slides in a moist chamber at 37°C for overnight.

4. Remove the plastic coverslip and wash slides twice (2 min in each wash) in 50%
formamide in 2× SSC, at 38°C and twice (2 min in each wash) in 2× SSC at 38°C.

5. Incubate slides in blocking solution for 10 min at room temperature.

Note: The posthybridization washing is usually optimized according to the homol-
ogy between the probe and target sequences. It is advisable to start with a moderate
washing and adjust the temperature and salt concentration according to the presence of
background and intensity of signals observed. Both high temperature and low salt con-
centration can help eliminate nonspecific binding.

Protocol 12.6. Detection of ISH sites

For biotin-labeled probes, the visualization of labeled sites may be achieved by two
detection systems: antibiotin antibody or biotin–avidin system. Antibody or avidin could
directly be conjugated to the signal-generating system, which enables visualization of
the sites of probe hybridization.

When using the biotin–avidin system, the signal may be amplified by using biotinylated
antiavidin, followed by a further layer of avidin conjugated to the signal-generating sys-
tem such as FITC. Nonspecific background labeling with the biotin-antibody system is
less than that with biotin–avidin.

Fluorescent signals are observed in green under an epifluorescence microscope
equipped with a 490-nm excitation filter and 550-nm emission filter. Nuclei are coun-
terstained with propidium iodide (PI), which fluoresces red under green excitation and
also at the same wavelengths used to excite FITC in ISH. Because fluorochromes are
rapidly bleached by epifluorescence, the use of an antifade reagents to reduce the rate
of bleaching is recommended.

1. Dilute 4 ml of stock antibody 1 (antibiotin antibody) in 1.0 ml blocking solution
(see below). Use 60 ml for each slide, cover with plastic coverslip. Incubate in a
moist chamber at 37°C, for 45 min.

2. Remove coverslip and wash three times in blocking solution at 38°C.
3. Dilute 60 ml of stock antibody 2 (FITC-anti-IgG) in 1.0 ml blocking solution, and

proceed as above.
4. Dilute 1 ml of stock PI (1.0 mg/ml) in 1.0 ml of PBS. Use 60 ml for each slide and

incubate for 10 min (for two-cell stage embryo), and 5 min (for blastocyst stage)
in dark at room temperature.

5. Rinse slides in PBS.
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6. Air dry.
7. Mount in 10 ml antifade (Vectashield).

Blocking solution (1000 ml)

1000 ml PBS
4 ml BSA
0.5 ml Tween 20

Protocol 12.7. Telomeric repeat amplification protocol

Measurement of telomerase activity in oocytes and embryos

Telomerase activity has been detected in bovine oocytes and in in vitro-produced em-
bryos (42) and nuclear transfer embryos (55) using the TRAPeze telomerase detection
kit (Intergen Co., Norcross, GA) with minor modifications (73) of the original TRAP
assay (40). This protocol consists of three primary steps: (1) preparation of telomerase
extracts from oocytes/embryos, (2) telomerase assay, and (3) polyacrylamide gel elec-
trophoresis of TRAP products. A list of the materials and reagents required for the TRAP
assay, along with suppliers and catalog numbers, is presented in table 12.1. Solutions
and their composition are presented at the end of this protocol.

Preparation of telomerase extracts from oocytes/embryos

1. Rinse pools of 10–25 oocytes/embryos three times in PBS and transfer them to a
0.5-ml microcentrifuge tube. Pulse-centrifuge to spin down cells and remove re-
maining PBS with a narrow-bore mouth pipette. Proceed to step 2 or snap-freeze
sample in liquid nitrogen. Store at –80°C.

2. Add NP40 lysis buffer (working solution made fresh) to a concentration of 1 oo-
cyte/embryo/ml lysis buffer. Aspirate the lysis buffer repeatedly with a narrow-
bore pipette to lyse the zona-intact oocytes/embryos. Freeze-thaw the sample three
times using liquid nitrogen and let sit on ice for a minimum of 30 min.

3. Alternatively, remove the zona pellucida surrounding live (not frozen) oocytes/
embryos by a brief treatment (2–4 min) in 0.1% Pronase (dissolved in culture
media) preequilibrated at 38.5°C in 5% CO2 in air atmosphere. Wash 3 times in
PBS, transfer to a centrifuge tube, and remove remaining PBS by way of a quick
spin and mouth pipette removal. Add NP40 lysis buffer (1 oocyte/embryo per ml)
and vortex for 30 s. Freeze-thaw the sample three times using liquid nitrogen and
let sit on ice for a minimum of 30 min.

4. Centrifuge samples at 12,000 g for 20 min at 4°C. Transfer the supernatant, leaving
behind the cellular debris, into a new tube, snap-freeze in liquid nitrogen, and
store at –80°C.

Note: The NP40 lysis-buffer is used as the cell extraction solution rather than 1×
CHAPS supplied in the TRAPeze kit (Intergen) because it is a more potent extraction
buffer. The sensitivity of the assay is therefore increased, allowing for the detection of
telomerase activity from fewer oocytes and/or embryos.

Telomerase assay

The assay is performed in two steps: telomerase-mediated extension of an oligonucle-
otide primer (TS), which serves as a substrate for telomerase, and a PCR amplification
of the resultant product using the TS and reverse primers.

Telomerase is a heat-sensitive enzyme. Therefore, as a negative control, sample ex-
tracts are tested for heat sensitivity by incubating 5 ml at 85°C for 10 min. A negative
lysis control consisting of 2.0 ml of NP40 lysis buffer and a positive telomerase extract
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control of an immortal telomerase/human telomerase reverse transcriptase-positive 293
cell extract (0.5 mg) are used in each experiment. The optimal embryo/oocyte equiva-
lents and protein content utilized for comparing relative telomerase activities between
samples is determined by way of a standard curve (figure 12.3). Two microliters of a
serial dilution of embryo/oocyte extracts (0.625–5.0 embryo equivalents) and control
samples are each added to 48 ml of the “master mix.”

Master mix step

1. Thaw reagents.
2. On ice, add master mix (48 ml per reaction):

5 ml 10× TRAP buffer
1 ml 50× dNTP mix
2 ml 32P-TS primer (1 ml if nonradioactive)
1 ml TRAP primer mix
0.4 ml Taq Poly (5 U/ul)
38.6 ml dH2O (39.6 ml if nonradioactive)

3. Make up heat-inactivated control samples: for each sample extract, incubate 4–
5 ml at 85°C for 10 min.

4. In each tube pipette 48 ml of master mix, plus any one of the following:
2 ml sample extract
2 ml positive control (telomerase-positive cell line extract)
2 ml negative control (NP40 lysis buffer).

32P-TS primer (2 ml per reaction)

0.25 ml g32P-ATP
1 ml TS primer

0.4 ml 5× exchange buffer
0.05 ml T4 kinase (10 U/ml)
0.3 ml dH2O

Place TS primer to be labeled at 37°C for 20 min, 85°C for 5 min, ice (4°C).

Note: If a nonradioactive method of detection (i.e., SYBR Green stain) is used, this
end-labeling step is omitted.

TS primer extension and PCR amplification

1. For telomerase extension of TS primer, place tubes at 30°C for 30 min, then trans-
fer immediately to 94°C to inactivate telomerase enzyme.

2. For PCR amplification, 94°C, 4 min; 27 cycles of 94°C, 30 s and 60°C, 30 s; 4°C,
soak. For nonradioactive TRAP, use 30 cycles of 94°C, 30 s and 60°C 30 s.

Note: These TRAP reaction conditions have been optimized for use with extracts of
pooled in vitro-derived bovine oocytes or embryos. Nevertheless, before each series of
experiments, a standard curve of relative telomerase activities from a serial dilution
of each sample extract should be conducted to determine the optimal extract concentra-
tion for telomerase activity comparisons. The chosen concentration should be within
the linear range of detection, excluding samples with excessive PCR artifacts and di-
minished 36-bp internal control products (Figure 12.3).

As a PCR amplification control, the TRAPeze primer mix contains internal control
oligonucleotides K1 and TSK1 that, together with radiolabeled TS oligonucleotide,
produce a 36-bp band in every lane (figures 12.2 and 12.3).

Polyacrylamide gel electrophoresis of TRAP products

To visualize and quantify telomerase reaction products, samples are loaded and elec-
trophoresed on a 10% non-denaturing (ND) PAGE. The gel is then fixed and placed on
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a PhosphorImager (Molecular Dynamics, Amersham Biosciences, Piscataway, NJ)
screen overnight. The PhosphorImage screen is scanned using the Molecular Analyst
Software (Bio-Rad).

PAGE

1. Add 5 ml loading dye to each reaction.
2. Load 25 ml onto 10% ND-PAGE (no urea) in 0.6× TBE buffer.
3. Run 30 min at 100 V.
4. Run 3.0 h at 300 V until second dye is near the bottom.
5. Fix gel in TRAP gel fixative, 25 min.
6. Expose gel to PhosphorImager plate (or X-ray film) for 24 h.
7. Scan PhosphorImage or develop film.

Quantification of relative telomerase activity

The relative telomerase activity (RTA) is determined by the densitometric analysis of
the ladder of TRAP reaction products for each sample (s), positive control extract (pc),
background (b) signal, and the 36-basepair internal PCR control products for each sample
(ics) and for the positive control (icpc). The internal PCR control product adjusts for
sample-to-sample variation and equal gel loading, while the positive control accounts
for any gel-to-gel differences in densitometric readings and provides the reference point
for the relative telomerase activity for each test sample. Densitometry readings should
cover the entire TRAP product profile (50, 56, 62, 72 bp, etc.) for each lane/sample, the
densitometry area should remain the same from lane to lane for each analysis. There-
fore, the densitometry area should be as large as the lane with the strongest TRAP lad-
der intensities and processivity (longest TRAP product). A smaller densitometry box
will suffice for each 36-bp internal control signal. Quantification of the relative amount
of telomerase activity is calculated using the following formula:

RTA (units) = [(s – b)/ics]/[(pc – b)/icpc].

Optimization of the TRAP assay and its applications

The method described above has been optimized for extracts prepared from pools
(n = 10–25) of bovine oocytes and embryos (42, 55). Quantifiable TRAP products have
been obtained from sample extracts derived from as few as five pooled oocytes (data
not published). The assay can indisputably compare RTAs from extracts equivalent to
a concentration of less than one oocyte/embryo per reaction. However, there is oppor-
tunity within the protocol for improving the sensitivity of the TRAP assay. Increasing
the incubation time for telomerase extension of the TS primer from 30 min to an hour
or greater could increase the ability to detect and quantify telomerase activity from a
single-cell sample. In addition, increasing the number of PCR cycles could increase the
TRAP amplification products. With any modification to the assay, a new standard curve
must be carried out with a serial dilution of sample extracts to determine the new linear
range of telomerase detection (Figure 12.3).

It has been suggested that the alternative splicing variants of telomerase reverse tran-
scriptase found in some human oocytes and embryos may be associated with the lack of
telomerase activity detected in some human preimplantation embryos (74). Telomeric
sequences in early mammalian embryos might act as stress sensors, signaling a perma-
nent cell-cycle arrest (embryo senescence) upon telomeric DNA damage above a cer-
tain threshold. The presence of telomerase during embryo development may permit DNA
and telomeric DNA repair for the resumption of development after a transient embry-
onic arrest. Therefore, it is possible that differing telomerase activities in individual
oocytes and embryos may serve as a marker for developmental potential (42). Evalua-
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tion of whole embryos and/or blastomere biopsies for levels of telomerase activity may
be a means to assess environmental factors that affect oocyte and embryo quality prior
to embryo transfer.

Solutions

NP40 lysis buffer

Stock buffer (100 ml):
1 ml of 1.0 M stock 10 mM Tris (pH 7.5)
1 ml of 0.1 M stock 1 mM MgCl2

1 ml of 0.1 M stock 1 mM EGTA
10 ml of 1.5 M stock 150 mM NaCl
10 ml 10% glycerol
87 ml sterile H2O

Working solution:

4 ml 0.1 M PMSF (17.4 mg/ml in 2-propanol)
1.4 ml b-mercaptoethanol
0.84 ml 0.12 M sodium deoxycholate
10 ml NP40
40 ml RNase inhibitor (10 U/ml)

Bring to 4 ml with NP40 stock buffer.

PBS (10×)

80 g NaCl
2 g KCl
11.5 g Na2HPO4·7H2O
2 g KH2PO4

Adjust pH to 7.3; add to 1 l with sterile H2O.

10% Polyacrylamide stock in 0.5× TBE (400 ml)

100 ml 40% polyacrlamide solution (19:1)
40 ml 5X TBE buffer
260 ml deionized H2O

10% Polyacrylamide gel (50 ml)

49.5 ml 10% polyacrylamide stock (19:1)
0.5 ml 10% ammonium persulfate
0.05 ml TEMED

TAE buffer (50×)

242 g TRIS base
57.1 ml glacial acetic acid
100 ml 0.5 M EDTA (pH 8.0)

Add sterile H2O to 1 l, autoclave.

TBE buffer (5×)

54 g Tris base
27.5 g boric acid
20 ml 0.5 M EDTA

Add deionized water to 1 l.
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TRAP gel fixative (1 l)

29.2 g NaCl
3.28 g Na acetate
800 ml 50% ethanol

Adjust pH to 4.2; add to 1 l with 50% ethanol.

Gel loading dye solution (5 ml)

2.5 ml glycerol
1.0 ml 1.25% bromophenol blue
1.0 ml 1.25% xylene cyanol
0.5 ml 0.5 M EDTA (pH 8.0)

Protocol 12.8. Terminal repeat fragment analysis

Because Q-FISH is complex and requires specialized equipment for the detection and
measurement of fluorescent telomeric signals, the standard Southern blotting TRF
method is the simplest approach to measure telomere length within cell and tissue
samples. However, due to the requirement of a minimal quantity of genomic DNA
(~2 mg), there are limitations with respect to the types of samples that can be analyzed.
Therefore, early developmental stages cannot be analyzed for TRF length, but data have
been obtained from 2-week-old in vivo bovine embryos that have been flushed out of
reproductive tracts (D. H. Betts, unpublished data). Reliable data can be obtained from
later stage embryos, embryo-derived cell lines (e.g., embryonic stem cells), and from
fetal and newborn tissues. The protocol described below is a summary of the procedure
described in the Telomere Length Assay Kit (BD PharMingen; table 12.2), emphasiz-
ing the key steps and listing helpful tips to generate consistent results.

1. Isolate genomic DNA using standard protocols. There are numerous commer-
cial kits (e.g., Roche Molecular Biochemicals; Qiagen) now available to isolate
genomic DNA from cells, blood, and tissues. Note: To accurately quantify the
DNA concentration, RNase (table 12.2) treatment will remove any contaminat-
ing RNA from your samples. Precise DNA quantification will produce more
consistent results because TRF length determination not only depends on the
length of the fragments, but on the intensities of the TRF profiles. DNA over-
loading may hinder the comparison of relative TRF lengths between samples.

2. Digest genomic DNA using RsaI/HinfI enzyme mixture in a 1× final concentra-
tion of enzyme reaction buffer. Digest for 12–18 h at 37°C using 4 U the en-
zyme mix/mg DNA. At least 2 mg/sample should be used for cells with large
telomere lengths.

3. Resolve TRFs on 0.6% agarose gel using 1× TAE buffer. Note: Use a horizon-
tal gel apparatus that uses gel casts of a least 15 cm in length.

4. Load at least 2 mg/lane of digested genomic DNA for long telomeres, 7.5 mg/
lane for very short telomeres (e.g., from tumor cells).

5. Load 12 marker lanes of biotinylated marker (BstEII and HindIII). Heat at 60°C
for 3 min before loading.

6. Run gel at 1 V/cm overnight (24–28 h) to resolve TRF fragments.
7. Soak gel in 0.25 M HCl (table 12.2) for 15 min with gentle agitation. Repeat.

Note: It is important to make fresh 0.25 M HCl from a concentrated stock solu-
tion just before use.

8. Rinse in dH2O.
9. Soak gel in 0.4 N NaOH for 15 min with gentle agitation. Repeat.

10. Using 0.4 N NaOH as transfer buffer, prepare a Southern transfer (as depicted
in Maniatis et al. [77]) to a positively charged nylon membrane (Hybond-N+,
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Amersham). Transfer at room temperature for 1 h with 2 inches of paper tow-
els, then change paper towels and continue transfer for 1–2 h. Note: The effi-
ciency of DNA transfer is optimal at transfer times of 3 h or more.

11. Rinse membrane in 2× SSC. Air-dry the filter for storage if desired. Store in
desiccator at room temperature.

12. Denature biotinylated telomere probe by boiling (100°C) for 10 min, then chill
on ice for 5 min before use.

13. Warm the hybridization buffer to bring components back into solution. Soak fil-
ter using 0.1 ml/cm2 of membrane. Rotate in hybridization tube at 55°C, 30 min.

14. Add biotinylated telomere probe to hybridization buffer; rotate overnight at 55°C.
The final concentration of the probe can range from 1 to 5 ng/ml (5 ng/ml most
common).

15. Prewarm hybridization stringency wash buffer (2×) to bring components back
into solution. Dilute buffer 1:1 with sterile H2O. The resulting buffer contains
2X SSC/0.1% SDS.

16. Wash the membrane three times for 5 min each in 1X stringency wash buffer
(0.2 ml/cm2 of membrane) with gentle agitation at 55°C.

17. Pour off hybridization stringency wash buffer and add membrane-blocking buffer
to cover membrane (0.25 ml/cm2 of membrane). Incubate for 30 min at room
temperature.

18. Pour off some block buffer into a separate tube and add stabilized streptavidin-
horseradish peroxidase to make a 1:300 final dilution when added to the mem-
brane. Add diluted streptavidin-horseradish peroxide to the membrane and
incubate for 30 min at room temperature with gentle agitation.

19. Dilute wash buffer (4×) to 1× with sterile H2O. Wash the membrane four times
for 5 min per wash with gentle agitation.

20. In a clean wash tray, incubate membrane in the North2South Substrate Equilib-
rium Buffer (0.25 ml/cm2 of membrane) for 5 min at room tempeerature with
gentle agitation.

21. Prepare North2South substrate working solution (0.1 ml/cm2 of membrane) by
mixing equal volumes of the North2South Stable Peroxide Solution and
North2South Luminol/Enhance Solution.

22. Transfer the membrane to the substrate working solution and incubate for 5–
10 min at room temperature.

23. Pour off excess substrate from the membrane and place the filter between two
pieces of plastic wrap. Remove any trapped air bubbles by rolling a pipette over
the membrane with paper towels underneath and on top of it. Dry the outside of
the plastic wrap with paper towel.

24. Place covered membrane in an X-ray film cassette and expose the blot to film
for 10 s, 30 s, 2 min, or longer until a clear signal with low background is ob-
tained on development.

25. Calculate the mean TRF length. Using Molecular Analyst Software (Bio-Rad),
divide the scanned image into a grid consisting of 30 boxes per column. Posi-
tion the grid over the entire vertical length of a lane so that many boxes overlay
a signal telomere smear. For each sample, optical density (OD) and length (L)
are computed for each grid box, where OD is the total signal intensity within a
grid box, and L is the molecular weight at the midpoint of the grid box. A stan-
dard curve of molecular weight versus migration is determined from a densito-
metric analysis of the molecular weight markers on the scanned image. The mean
TRF length for each sample is calculated using the formula:

L = S (Odi × Li) / S (ODi)

where ODi and Li are the signal intensity and TRF length, respectively, at position i on
the gel image, where i denotes the grid box number from 1 to 30  (Figure 12.4).
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Solutions

SSC (20×)

175.3 g NaCl
88.2 g Na citrate · 2 H2O
800 ml Sterile H2O

Adjust pH to 7.0 (add a few drops of 10 N NaOH); volume to 1 l with sterile H2O,
autoclave.

TAE buffer (50×)

242 g TRIS base
57.1 ml glacial acetic acid
100 ml 0.5 M EDTA (pH 8.0)

Add sterile H2O to 1 l and autoclave.

Figure 12.4. Measurement of telomere length by terminal restriction fragment (TRF) analysis.
(A) The absence of restriction recognition sequences within the telomere allows the determina-
tion of telomere length. Double digestion of genomic DNA with RsaI and HinfI restriction en-
zymes cut the chromosomal DNA into small fragments. The distance from the last restriction
site to the end of the telomere comprises the terminal restriction fragment (TRF). (B) The digested
DNA (samples 1 and 2) is separated on a 0.6% agarose gel and transferred to positively-charged
membrane for Southern blot analysis. The blot is probed with a biotinylated telomere-specific
probe and the terminal restriction fragments are detected by a chemiluminescent detection sys-
tem. The mean TRF length is calculated from the position of the detected signal (red boxes) rela-
tive to the position of known size standards (M).
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1. METHODS FOR ISOLATING RNA

Many different microscale techniques have been developed to study gene expression in
samples of small numbers of cells or rare tissues. Gene expression analysis includes the
study of RNA and protein levels. Alterations in mRNA levels are often associated with
the corresponding protein level modification. Presence or absence of specific mRNAs
could be associated with the presence or absence of the protein. Therefore, the use of
RNA analysis techniques is directed at screening the entire RNA pool before an inves-
tigation of protein levels and synthesis.

A single mammalian cell contains a total of approximately 1 × 10–5 mg total RNA.
Eighty-five percent is ribosomal RNA (rRNA), and 15–20% is composed of a variety
of low molecular weight species, such as transfer RNA (tRNA). The remaining 1–5% is
messenger RNA (mRNA) of both different size and sequence complements.

Several difficulties exist in the isolation of RNA from embryos or oocytes. The first
is that the quantity of RNA is very limiting. The amount of RNA in a murine oocyte has
been estimated as 0.35–0.47 ng (1, 2), in the bovine oocyte as 0.98–2.4 ng (2, 3), and it
varies with stage from 0.7 to 5.3 ng in the bovine preimplantation embryo (3). Proce-
dures such as Northern blot hybridization may require a minimum of 2–5 mg of total
RNA for their application. Therefore, to overcome this limitation, RNA has been iso-
lated from large pools (up to 300) of oocytes or embryos (4). Disadvantages with this
approach include the expense and time to collect the large embryo pools required for
one experiment and the fact that the use of large pools obscures the variability in mRNA
expression between individual embryos or oocytes.

Polymerase chain reaction (PCR)-based techniques such as reverse transcription-
polymerase chain reaction (RT-PCR), differential display RT-PCR (DD-RT-PCR), and
suppressive subtractive hybridization-PCR (SSH-PCR) have been developed to incorpo-
rate RNA isolation from much smaller pools of embryos including individual embryos.
Of these techniques, the most commonly used is RT-PCR, which allows the conversion
of small quantities of single-stranded mRNA to double-stranded cDNA by reverse tran-
scription and then amplification by PCR of a known sequence of interest following the
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design of appropriate primers. With these techniques, the ability to detect differences in
mRNA expression even in small numbers or individual oocytes or embryos is greatly
increased. However, care must be taken in optimizing PCR conditions and cycle num-
bers. DD-RT-PCR (see chapter 15) involves reverse transcription of a subset of mRNAs
with a primer of poly-T anchored with one of the four bases, A, T, C, or G. PCR amplifi-
cation is accomplished with 1 of 24 random decamers. Unknown products are cut from a
gel, cloned, and sequenced. Similarly, SSH-PCR may identify both known and unknown
products (see chapter 18). The SSH-PCR technique consists of using RNA from one treat-
ment divided into two pools and amplified with one of two different ends and then com-
bined with excess unlabeled cDNA from a distinct treatment group. Labeled and unlabeled
cDNAs are allowed to hybridize to remove RNA sequences common to both treatments.
Unpaired end-labeled cDNA is isolated and combined with cDNA with the opposite end
label. Then PCR is performed with a system that exponentially amplifies only cDNA with
different ends. The PCR products are ligated into plasmids, bacteria are transformed with
these plasmids, and the products are cloned and sequenced.

2. RNA ISOLATION IN GENERAL

Successful RNA isolation depends on a number of parameters, including effective dis-
ruption of cells or tissue, denaturation of ribonuclease (RNase) activity, and removal of
contaminating DNA and proteins. Immediate inactivation of RNases is extremely im-
portant, as these enzymes efficiently degrade RNA samples and are active under a wide
variety of conditions (5). Unfortunately, RNases are extremely difficult to inactivate.
In all procedures, because RNases are prevalent within tissues, it is important to inhibit
endogenous RNases that could degrade RNA during the isolation procedure. In addi-
tion, because RNases are prevalent on skin surfaces, it is important not to accidentally
introduce exogenous RNases into samples. Thus, gloves must always be worn to handle
pipettors, tubes, and tips. Glassware can be sterilized by autoclaving and decontami-
nated by baking. Autoclaving alone is not sufficient to inactivate RNases. Use of dis-
posable plasticware is advisable, as these items are generally RNase-free at manufacture.
Subsequently, ungloved hands should not be inserted into bags or boxes of materials
used for isolating RNA, and replacement pipette tips should be loaded into autoclav-
able boxes with gloves. A dedicated set of pipettors, which are not used for other pur-
poses, should be used exclusively for isolating RNA. Diethyl pyrocarbonate (DEPC;
1 ml/L, 0.1%) should be used to treat most buffers and water used for RNA isolation.
TRIS buffers cannot be treated directly with DEPC. Therefore, caution must be used to
avoid RNase contamination when weighing out TRIS and DEPC-pretreated water, and
treated glassware should be used when preparing TRIS buffers. Care must also be taken
not to contaminate bottles after opening. Single-use buffer aliquots are favored when
practical. RNase inhibitors (RNasins) can be added to buffers and water for resuspend-
ing RNA samples, but as RNasins are removed during extraction, they may have to be
added at more than one stage during RNA isolation.

RNA can be isolated as either total RNA (Protocols 13.1–13.4) or poly(A)+ RNA
(Protocols 13.5–13.6) (6), depending on the downstream application for the isolated
RNA. The use of poly(A)+ RNA offers a variety of advantages, such as lower mRNA-
independent synthesis during RT-PCR. When poly(A)+ RNA is desired from limiting
amounts of starting material, direct isolation may lead to better yields.

3. ISOLATION OF TOTAL RNA

Simultaneous disruption of cells and inactivation of RNases is achieved by lysing of
cells in strong denaturing agents. Most commonly, tissue RNA is isolated by a modifi-
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cation of the Chomczynski and Sacchi (7) method using guanidium isothiocyanate
(GITC), phenol, and chloroform/isoamyl alcohol (24:1); a procedure that may be per-
formed on several samples in a few hours (Protocols 13.1, 13.2, 13.3). GITC is a
chaotropic and deproteinizing agent, inhibiting RNases during tissue processing. Ho-
mogenization of the tissue shears DNA and increases the yield of RNA, as well as in-
creasing the contact of GITC with cellular contents. Phenol and chloroform denature
and extract proteins, thus separating RNases from contact with RNA. In addition, sarcosyl
and b-mercaptoethanol, potent reducing agents, may denature tissue RNases. RNA is
then precipitated with isopropanol or ethanol. Other methodologies use guanidine-HCl,
dithiothrietol, and sodium lauryl sarcosinate (8) or GITC combined with a high-speed
centrifugation overnight through a cesium chloride gradient (5). The latter technique,
although effective, takes more time and requires an ultracentrifuge.

4. ISOLATION OF POLY(A)+ RNA

Edmonds et al. (10) and Aviv and Leder (6) originally used a solid support of d(T)-
cellulose to extract mRNAs, and to remove rRNA and tRNA from their preparations. In
addition, poly(U)-sepharose columns have also been used to separate mRNA (11). Such
products are commercially available. RNA that has been previously isolated and pre-
cipitated is added to the column in TRIS, NaCl, EDTA buffer and allowed to bind. For
d(T)-cellulose, mRNAs are later eluted with lowered ionic strength buffers; for poly(U)-
sepharose columns, formamide and HEPES are also used (12). Often two column passes
must be used. The diluted mRNA must be reprecipitated with ethanol and sodium ac-
etate to concentrate.

5. COMMERCIALLY AVAILABLE KITS TO ISOLATE
TOTAL OR POLY(A)+ RNA

Currently, several biotech companies market RNA isolation buffers or kits. Most are
based on the Chomczynski and Sacchi (7) method. One such product, Trizol (Gibco,
Burlington, ON), contains both GITC and phenol and can be used to isolate RNA, DNA,
or proteins in one easy step, followed by alcohol precipitation steps. Other procedures,
such as the Fast Trac 2.0 mRNA isolation kit (Invitrogen, Burlington, ON) use oligo(dT)
cellulose to isolate poly(A)+ RNA (Protocol 13.5). Other products such as GlassMAX
RNA microisolation Spin Cartridge system (Gibco) use GITC and sodium iodide in a silica
column and remove contaminating DNA with DNAse I. RNeasy (Qiagen, Mississauga,
OH) also uses GITC and silica spin column, avoiding phenol/chloroform extraction steps.
Still other products use oligo d(T) bound to magnetic beads to extract poly(A)+ RNA
(Protocol 13.6).

6. ISOLATION OF RNA FROM OOCYTES OR EMBRYOS

For microscale RNA isolation from single to small numbers of oocytes or embryos,
several methods have been used, often modifications of the microscale method devel-
oped by Arcellana-Panlilio and Schultz (9) adapted from the phenol-chloroform extrac-
tion method originally described by Braude and Pelham (13) (Protocol 13.4). There are
many protocols that are similar to those found in Temeles et al. (14). Often RNase in-
hibitors are used during RNA isolation and reverse transcription. Still, for RT-PCR
applications with very limited amounts of RNA, it is necessary to carefully optimize
PCR conditions. A technique for using reverse transcription on lysed cells without RNA
extraction and purification was developed by Revel et al. (15) for construction of cDNA
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libraries from a small numbers of mouse oocytes. This method was later modified by
Robert et al. (16) for use in DD-RT-PCR, with the proviso that fewer than 15 embryos
must be used, otherwise proteins and genomic DNA may interfere with the efficiency
of the reverse transcription.

7. COMMERCIALLY AVAILABLE MICROSCALE
METHODS TO ISOLATE RNA

Commercially available products for RNA isolation such as Trizol (16), Ultraspec
(Biotecx Laboratories, Houston, TX [18]) may be used in scaled down protocols to
successfully isolate small quantities of RNA. Other technologies using commercially
available kits employing oligo (dT) microcolumns or oligo (dT) magnetic beads (18,
19) have been developed in other laboratories. Some of the procedures differ in the type
of carrier recommended; glycogen (16) and polyinosonic acid (17) have been used suc-
cessfully.

There are several kits marketed by biotech companies to isolate RNA from small
numbers of cells within 1–2 h. Oligo dT RNA isolation columns such as Gibco RNA
microisolation Spin Cartridge system or the Stratagene Absolutely RNA Nanoprep
Kit will effectively isolate mRNA from <102 cells. We have recently tried several of
these kits (Stratagene Absolutely RNA Nanoprep Kit (La Jolla, CA), Qiagen RNeasy
Mini kit, Sigma GenElut Mammalian Total RNA kit) in our laboratory. They differ in
ease of use and the volume used to elute RNA. Some include a DNase treatment step
to reduce genomic contamination. Samples are lysed in GITC containing buffer, with
b-mercaptoethanol. Alcohol is then added and the sample placed on a silica gel col-
umn. The column is washed several times using a microfuge, then RNA is eluted in
RNase-free water or buffer. We found that the Stratagene kit will effectively isolate
mRNA from single embryos and can be used to amplify up to seven different
RT-PCR amplicons from an individual embryo. Each manufacturer’s recommenda-
tions should be followed to get optimal yields of mRNA, although multiple elution
washes are recommended. The silica gel system is expected to remove some small
rRNA and tRNAs thus enriching for mRNAs. In some cases, access to a vacuum des-
iccator may be required to reduce the elution volume before reverse transcription.

8. SUMMARY

Although the methods that have been developed for the efficient isolation of total RNA
and polyA+ mRNA from small pools or individual samples of oocytes and preimplanta-
tion stage embryos are diverse, they represent a critical starting point for most gene
expression studies. Care must be taken in eliminating or reducing RNase activity. All
of the procedures reported in this chapter are proven methods that will enable the tran-
sition to expression studies by the application of RT-PCR, DD-RT-PCR, or SSH-PCR
methodologies.

Protocol 13.1. Chomczynski and Sacchi (7) method for tissue

Denaturing buffer (buffer D)

4 M GITC
25 mM sodium citrate, pH 7
0.5% sarcosyl
0.2 M b-mercaptoethanol, added just before use
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Other materials

2 M sodium acetate
Saturated phenol
Chloroform:isoamyl alcohol (24:1)

1. Mince tissue using RNase-free tools and homogenize with denaturing buffer with
a mortar and pestle or tissue homogenizer. For cultured cells or easily disrupted
tissue, homogenization can be accomplished using a small-gauge needle and
syringe. Large RNase-free tubes with resistance to chemicals should be used.

2. After homogenization, add per milliliter denaturing buffer 0.2 ml of 2 M sodium
acetate, 0.2 ml phenol (saturated), 0.2 ml chloroform:isoamyl alcohol (49:1).

3. Vortex the mixture thoroughly and cool on ice 15 min. Centrifuge samples 20 min
at 4°C at 10,000 g. Transfer the RNA (aqueous phase) to a new tube and precipi-
tate with 1 volume isopropanol or 2 volumes absolute ethanol at –20°C for 1 h.

4. Centrifuge a second time at 10,000 g for 20 min at 4°C. A white pellet should be
present in the bottom of the tube.

5. Resuspend the pellet in 0.3 ml of buffer D and move to a 1.5 ml Eppendorf tube.
Add 1 volume isopropanol or 2 volumes absolute ethanol to the aqueous phase
and place tubes at –20°C for at least 1 h, followed by centrifugation for 10 min at
10000 g at 4°C.

6. Wash the pellet in 75% ethanol, centrifuge, and resuspend the pellet in 50 ml 0.5%
SDS at 65°C for 10 min, or DEPC water, or EDTA-containing buffer. Use im-
mediately for other procedures or store at –70°C.

Protocol 13.2. Modified procedure for tissue (9)

GITC buffer

4 M guanidium thiocyanate
0.5% sarcosyl
25 mM sodium citrate, pH 7
0.1% antifoam A
5% b-mercaptoethanol

Other materials

TE-saturated phenol
TE-saturated chloroform
2 M sodium acetate, pH 4
isopropanol
DEPC-treated water
absolute ethanol (EtOH)
80% EtOH in DEPC-water
5 M NaCl

1. Homogenize tissue (0.5 g/5 ml) in 4 M GITC buffer in a polytron tissue homogenizer.
Keep samples on ice and homogenize in short bursts so that the temperature does
not increase. Clean the homogenizer tip in chloroform or ethanol between samples.

2. Add a 1/5 volume of 2 M Na acetate to homogenate and vortex. Add an equal
volume of saturated phenol as the original volume of GITC buffer and vortex.
Next add 1/5 volume of TE-saturated chloroform, vortex, and hold the mixture
on ice for 15 min.

3. Centrifuge at room temperature at 8000 rpm. Transfer the upper aqueous layer to
a new tube. To this, add an equal volume of isopropanol and hold the tubes at
room temperature for 30 min.
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4. Centrifuge the tube at 8000 rpm for 10 min to pellet the RNA. Remove the su-
pernatant and wash the pellet with 80% EtOH (in DEPC), centrifuge again,
remove supernatant, and air-dry the pellet. Note: The pellet should never become
overdried because it becomes difficult to resuspend. Resuspend the pellet in 400 ml
DEPC-water and transfer to a 1.5 ml Eppendorf tube.

5. Reprecipitate the RNA with 1/20 volume (20 ml) 5 M NaCl, 2.5 vol (1000 ml)
absolute EtOH, and place at –20°C or –70°C for 30 min. Centrifuge for 20 min
and carefully remove the supernatant by aspiration.

6. Wash the pellet in 80% EtOH in DEPC, centrifuge, and remove supernatant.
Resuspend the pellet in 10–20 ml DEPC-water. Determine the concentration of
RNA by spectrophotometry and adjust the RNA concentration to about 2 mg/ml.
The RNA can be placed into smaller aliquots, depending on what it is to be used
for, as repeated freeze-thaw cycles should be avoided.

Protocol 13.3. Trizol protocol

1. Homogenize 50–100 mg tissue in 1 ml Trizol and hold 5 min at room temperature.
2. Add 0.2 ml chloroform (per milliliter Trizol), shake the tubes vigorously, hold

at room temperature for 2–3 min, and centrifuge at 12,000 rpm for 15 min
at 4°C.

3. Aspirate the colorless upper aqueous phase and place into a fresh tube. Add 0.5 ml
isopropanol (per ml Trizol) to this supernatant and hold at room temperature for
10 min, then centrifuge at 12,000 rpm for 10 min at 4°C.

4. Aspirate the supernatant from the pellet and wash the pellet with 1 ml 75% alco-
hol, mix, and centrifuge at 7500 rpm for 5 min at 4°C.

5. Remove the supernatant and dry the pellet (do not overdry) and suspend it in
DEPC-water before spectrophotometry.

Protocol 13.4. Isolation of total RNA from embryos (9)

Extraction buffer

0.2 M NaCl
25 mM TRIS pH 7.4
1 mM EDTA in DEPC-treated water

Other materials

100 mM TRIS, pH 8
saturated phenol (or Gibco buffer saturated phenol)
chloroform:isoamyl alcohol (24:1)
Yeast transfer or ribosomal RNA (4 mg/ml)
95% EtOH
70% EtOH in DEPC-water

1. Freeze embryos in 0.5-ml Eppendorf tubes in a few microliters of culture media
in liquid nitrogen and then transfer to –70°C for storage.

2. Before the RNA extraction, prepare and label one Eppendorf tube per sample
containing 100 ml extraction buffer, 100 ml phenol, and 100 ml chloroform:IAA
(isoamyl alcohol). Add 3 ml (12 mg) transfer or ribosomal RNA to the extraction
phase and keep on ice. Prepare and label a second Eppendorf tube for each sample
containing only 100 ml chloroform:IAA.

3. Directly at the freezer, before embryos thaw, add the bottom 100 ml phenol phase
to one sample tube and shake while the embryos thaw. Then add the chloroform
and extraction buffer phases, shake, and store on ice. Repeat for all tubes.
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4. Vortex and shake the tubes for 3 × 10 s. Centrifuge at 13,000 rpm for 10 min at
room temperature. Remove the upper aqueous phase and transfer it to the tube
containing chloroform:IAA. Vortex briefly and centrifuge again at 13,000 rpm
for 10 min.

5. Remove the supernatant and estimate the volume. Add about 2 volumes cold 95%
ethanol (stored at –20°C) and precipitate tubes at –70°C for several hours or overnight.

6. Precipitate RNA by centrifuging at 10,000 rpm at 4°C for 20 min. Remove etha-
nol, wash with cold 70% ethanol, and centrifuge at 10,000 rpm at 4°C.

7. Remove ethanol and air-dry upside down on a clean surface at room tempera-
ture. Do not allow the pellets to overdry because they become difficult to resus-
pend. The RNA can be diluted and used for spectrophotometry. Although most
of the A260 reading is from the carrier RNA, the reading can be used to estimate
RNA recovery. If using the RNA for reverse transcription, the pellet can be re-
suspended directly in oligo(dT) or random hexamer mix.

Protocol 13.5. Isolation of poly(A)+ RNA using messenger affinity paper (20)

GITC buffer

4 M guanidium thiocyanate
0.1 M TRIS, pH 7.4
1 M b-mercaptoethanol

Other materials

0.5 M NaCl
0.1 M TRIS, pH 8.3
0.5 M NaCl
70% EtOH

1. Cut a 2 × 2 mm2 square of messenger affinity paper (mAP) and handle with RNase
free, ethanol-flamed forceps and scissors and prewet with 0.5 M NaCl on sterile
Whatman paper supported by parafilm. (Precut squares can be stored at –20°C in
Eppendorf tube.)

2. Remove embryo samples of single or pools of embryos frozen in 10 ml GITC
buffer from –70°C storage and thaw to room temperature.

3. If samples are to be quantified, add globin mRNA in a volume of 1 ml at 0.1 pg/
embryo equivalent to the embryo tube.

4. Blot the mAP square onto sterile Whatman paper supported by parafilm, then
transfer with RNase-free tools into the embryo tube and leave at room tempera-
ture for 2–3 h at room temperature to allow poly(A)+ RNA to bind to paper.

5. Transfer the mAP to fresh Whatman paper on parafilm and pipette the unabsorbed
lysate onto the square.

6. Transfer the mAP square into a new tube containing 200 ml first-wash buffer
(0.5 M NaCl, 0.1 M TRIS, pH 8.3) and gently invert several times. Remove the
first-wash buffer and replace with fresh 200 ml buffer two more times, followed
by three washes in 0.5 M NaCl alone and two washes in 70% ethanol. All buffers
are DEPC treated.

7. Transfer the mAP square to a fresh tube and allow to dry on ice with the lid open
for 5 min. The mAP can then be used directly for reverse transcription and is kept
within the cDNA aliquot.

Note: The difficulty with the mAP paper isolation method is that mAP is no longer
commercially available from the supplier, and an alternative supply has not been
developed.
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Protocol 13.6. Isolation of poly(A)+ RNA using Dynabeads mRNA Direct kit
(18, 19)

1. Store pools of oocytes/embryos or single oocytes/embryos at –80°C in a mini-
mum volume of washing medium (PBS plus 0.1% PVA) in siliconized tubes.

2. As a rapid lysis of oocytes/embryos is critical for obtaining intact mRNA, avoid
thawing of the frozen material before the lysis step.

3. For semiquantitative RT-PCR, add 0.1 pg per oocyte/embryo equivalent (pools)
or 1 pg (single oocyte/embryo) of globin RNA as an internal standard.

4. Lyse embryos or oocytes (20–50) in 150 ml (pools) or 30 ml (single embryos) lysis
buffer (100 mM TRIS HCl, pH 8.0; 500 mM LiCl, 10 mM EDTA, 1% lithium
dodecylsulfate, 5 mM dithiothreitol) and vortex for 10 s.

5. Centrifuge samples at 12,000 g for 15 s and incubate at room temperature for
10 min.

6. Add prewashed oligo dT Dynabeads (10 ml for pools or 5 ml for single embryos)
to the sample. Incubate the sample by rotating on a mixer or roller for 10 min at
room temperature to allow binding of poly(A)+ RNA to Dynabeads.

7. Place the tubes in the magnetic separator for 2 min.
8. After removing the supernatant, wash the beads once with buffer 1 (10 mM TRIS

HCl, pH 8.0; 150 mM LiCl, 1 mM EDTA, 0.1% lithium dodecylsulfate) using
100 ml (pools) or 40 ml (single embryos) and three times with 100 ml buffer 2
(10 mM TRIS HCl, pH 8.0; 150 mM LiCl, 1 mM EDTA).

9. Elute the RNA from the beads with 11 ml sterile water, heat at 65°C for 2 min,
and use directly for reverse transcription.
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1. QUANTIFICATION OF mRNA TRANSCRIPTS

Over the last decade methods for the microscale isolation of mRNA coupled with re-
verse transcription and cDNA amplification techniques have significantly enhanced our
understanding of the genetic control of early mammalian development. In this regard,
attempts to quantify changes in the relative abundance of specific gene transcripts have
helped define their biological significance. Although there are many methods by which
gene transcript abundance can be quantified, meaningful quantification requires an
appreciation for the limitations and qualifications associated with these procedures. In
this chapter our goal is to provide the context for understanding the principles and ca-
veats of relative mRNA abundance calculations, together with a practical approach to
meeting this objective by reverse transcription-polymerase chain reaction (RT-PCR).

1.1 Historical Perspective

Attempts to quantify the size and composition of RNA pools in early mammalian em-
bryos began approximately 30 years ago using nucleic acid hybridization methods. The
amount of tissue required for such methods necessitated working on species that could
provide pools of hundreds to thousands of embryos as starting material or species whose
early embryos were sufficiently large to bypass the need for large numbers. Thus, work-
ing on late blastocysts from rabbits, consisting of at least 50,000 cells, the first estimates
of embryonic mRNA pool complexity were obtained by hybridizing genomic DNA to
first total (primarily heterogeneous nuclear) and then cytoplasmic RNA (1, 2). Similar
studies on large pools of embryos from mice, also known for their reproductive fecun-
dity, provided much of the first estimates of the size and complexity of all subtypes of
RNAs throughout embryogenesis (3–6).

With the emergence of gene-specific DNA probes for Northern analysis and South-
ern blotting of copy DNA came the first quantification of changes in the abundance of
specific gene transcripts throughout early development. These began with examination
of changes in histone and actin mRNAs, regarded as markers of nonadenylated and
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polyadenylated mRNA classes (7–9), followed throughout the 1980s by studies on a
modest collection of genes including other members of the histone and actin families,
ribosomal proteins, a-tubulin, E-cadherin, connexin 43, Na-K ATPases, hypoxanthine
phosphoribosyltransferase (HPRT), b-glucoronidase, and IAP (intracisternal A particles)-
1 and 2 (9–19).

In 1988 a new age for molecular embryology was ushered in with the first applica-
tion of RT-PCR to preimplantation mouse embryos to profile the expression of cytokine
mRNA transcripts (20). Since then the number of different gene transcripts examined
during early mammalian development has increased by at least one order of magnitude.
Between 1990 and 2000, at least 124 publications have reported the use of RT-PCR
on preimplantation embryos from a broad range of species, as determined by a litera-
ture search of the National Center for Biotechnology Information PubMed database
(www.ncbi.nlm.nih.gov/entrez). In contrast to earlier hybridization experiments, these
studies were performed on single to tens of embryos and even on embryonic blas-
tomeres (21–25).

Not long after the first reports of using RT-PCR to detect mRNAs in early embryos,
different approaches to quantify transcript abundance were developed. Differences
between methods have primarily related to the technique used to measure amplified
mRNA products and the reference standard used for calculation of absolute or relative
values. RT-PCR product abundance has been determined by densitometry after gel elec-
trophoresis and ethidium bromide staining, capillary electrophoresis, incorporation of
radiolabeled nucleoside triphosphates during amplification, hybridization of a comple-
mentary radiolabeled probe followed by RNAse protection, and most recently by hy-
bridization and nuclease digestion of fluorogenic probes during real-time PCR detection
(24–30). Absolute measurements of mRNA abundance can be made by referring am-
plified product abundance to standard curves defining the amplification of known dilu-
tions of the same template (31). Although conceptually satisfying for its capacity to
describe mRNA abundance in terms of transcript copy number, this approach does not
account for variations between samples in RNA isolation, RT, and PCR. Such varia-
tions are inherently corrected for when mRNA abundance is described relative to exog-
enous or endogenous transcripts, with such measurements being sufficiently sensitive
to detect twofold increases in transcript abundance (25, 26, 32–34). Relative measure-
ments of RNA can thus be used to accurately assess the steady-state level of specific
gene transcripts for comparison across developmental stages or in response to treatment
conditions.

The first laboratory to pioneer relative mRNA determinations in early embryos was
that of Richard Schultz at the University of Pennsylvania, with a method involving the
co-amplification of exogenously supplied globin mRNA as a reference standard (26,
32). To control for differences between samples in RNA recovery, RT, and PCR, globin
mRNA, not expressed by early embryos, was added to lysed samples before RNA iso-
lation. In principle, the benefit of an exogenous RNA standard can also be achieved by
other mRNAs not expressed in embryos, including recombinant versions of the tem-
plate under study or synthetic RNAs flanked by gene-specific primer sequences (33, 34).
Recombinant standards offer the advantage of being amplified by the same oligonucle-
otide primer sets used for the target template. However, this approach requires a greater
investment in molecular biology to construct reference standards. Messenger RNA tran-
scripts that are endogenous to an embryonic sample can also be used as reference stan-
dards, with the important qualification that these transcripts should not vary between
samples as a result of development or treatment conditions. In this regard, 18 S RNA,
classically used for Northern analysis, or glyceraldehyde-3-phosphate dehydrogenase
represent preferred endogenous reference standards because their expression is normally
constant within cells. Such standards also can control for differences between samples
in cell number (30, 35).

www.ncbi.nlm.nih.gov/entrez
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In the succeeding sections we elaborate on the principles and caveats of relative
mRNA quantifications specifically as they pertain to early mammalian embryos. We
then describe a protocol exemplifying the use of exogenous globin mRNA as a refer-
ence standard (Protocol 14.1). Although the protocol described relies on densitometric
quantification of amplified cDNA products by digital imaging-based gel documenta-
tion systems (Protocol 14.2), alternative approaches are discussed, including the most
recent innovation of real-time fluorescence PCR.

2. PRINCIPLES AND CAVEATS OF RELATIVE mRNA
ABUNDANCE MEASUREMENTS

The central tenet of mRNA quantification by RT-PCR is that the amplification of a gene
transcript is related to its starting abundance and can be predicted if the number of cycles
of amplification is known. This, of course, requires that the representation of mRNA in
a sample be preserved at all times. In practical terms, this presumption is ambitious and
is a challenge to maintain because RNA can be lost during its recovery, and its repre-
sentation can be altered during both RT and PCR. Meaningful quantification of mRNA
abundance therefore requires optimization of each of these component processes, which
are summarized schematically in Figure 14.1.

Figure 14.1. Schematic depicting the component steps of relative mRNA abundance analyses
and associated considerations.
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3. OPTIMIZING RNA REPRESENTATION

3.1 Amount of Starting RNA (Experiments
on Single vs. Pooled Embryos)

The first question to resolve before engaging in a study of embryonic gene expression
is whether the analysis can or should be performed on single versus small or large pools
of embryos. Although in species other than the mouse, the lack of synchronous or ho-
mogenous specimens necessitates analyses on single or small pools of embryos (e.g.,
< 5), the ramifications of working on such limited sources of RNA should not be over-
shadowed by the technical capacity to detect targeted gene transcripts. Certainly, through
optimization of PCR conditions and methodological tricks such as hot start priming or
nested amplifications, it is possible to detect rare mRNAs present as fewer than 10 cop-
ies (21, 25, 31). However, reduction in the starting amount of a transcript results in in-
creased variation in its amplification when replicate PCRs are performed on the same
sample of reverse transcribed cDNA (25). The reason for this is not clear, but it pre-
sumably relates to uneven dispersal of reverse-transcribed cDNA despite thawing and
rigorous mixing before use. Because relative abundance (RA) measurements are ratios
of the amount of products amplified from targeted and reference transcripts, how much
variation exists in the amplification of each transcript needs to be determined to define
the precision of calculated values (25). It is only with this knowledge that differences in
RA values between samples can be interpreted as biologically significant as opposed to
technical artifact.

3.2 Reverse Transcription Reactions

Reverse transcription reactions on embryonic mRNA are normally performed, as for other
tissues, according to the recommendation of the manufacturers of the reverse transcriptase
used, and typically last 1–1.5 h. All conditions of these reactions should be standardized
and conserved between reactions—most especially temperature and the selection of primer
used to reverse transcribe. These parameters, along with the duration of an RT reaction,
can alter the representation of mRNAs in a cDNA population. Increasing RT reaction tem-
perature can serve to limit the population of mRNAs represented, as can primer selection.
In addition, when conditions are not limiting, smaller mRNA will be more frequently rep-
resented in the resulting cDNA pool than will larger mRNAs (> 1–2 kb) that take longer
to reverse transcribe. Although awareness of this point tends to be more critical in the design
and construction of representative cDNA libraries (36), it may also affect the relation and
quantification of a targeted gene transcript in relation to a standard when the size differ-
ence between these transcripts is too great.

3.3 RT Primer Selection

The types of oligonucleotide primers used in RT reactions have a direct bearing on the
nature of subsequent quantitative strategies as well as on their interpretation. Unanchored
oligo-dT primers are commonly used for RT reactions and consist of 21–30 bases of
thymidine deoxyribonucleotide. Because this kind of primer anneals to poly-A tracts at
the 3' end of mRNA, the representation of a mRNA is critically dependent on the extent
to which it is polyadenylated. Changes in mRNA adenylation can therefore influence
that apparent steady-state level of a transcript. Apparent increases in transcript abun-
dance resulting from mRNA polyadenylation are suggested when they still can occur in
the face of transcriptional inhibition (24, 37, 38). This can be confirmed using mobility
shift assays (39) or a PCR-based assay for determining poly-A tail length (40, 41).

Alternative primers for reverse transcription that would be insensitive to changes in
the adenylated status of message transcripts include anchored oligo-dT primers, gene-
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specific primers, or random hexamer sequences. Anchored oligo-dT primers contain an
additional couple of bases of variable identity at their 5' end. Although the most common
usage of anchored primers is in differential display analysis (42), there is no reason such
a primer could not be used to selectively enhance mRNA representation for a transcript of
interest as long as the reference transcript was also represented. Gene-specific primers
can be used to enhance representation of specific mRNAs and are still suitable for relative
mRNA measurements when a recombinant template is used as a reference standard (34).
Alternatively, random hexamers would be the indicated choice when the reference RNA
standard is nonadenylated (e.g., 18 S RNA) or is subject to changes in its adenylation (22,
35). Regardless of which primer is used for RT reactions, differences in primer efficacy
and specificity can result in vastly different mRNA representations and quantitative re-
sults (43). Interpretation of experimental results should thus be appropriately qualified.

4. OPTIMIZING DNA AMPLIFICATION

4.1 Establishing PCR Conditions and Kinetics

As mentioned, the capacity of PCR primers to anneal and amplify specific gene tran-
scripts is highly dependent on the amount of starting material from which RNA is
isolated, its method of isolation, and the reverse transcription. Quantification of a gene-
specific transcript further requires that it be represented by a single amplification prod-
uct. This should be established during preliminary PCR experiments to optimize reaction
conditions, most especially with respect to annealing temperature and MgCl2 concen-
tration (44). Failing to optimize reactions in this fashion may result in unpredictable
competitive inhibitions of desired reaction products.

The most critical aspect of mRNA quantification by RT-PCR occurs during the
amplification of a transcript-derived template. During PCR, an amplified template ac-
cumulates exponentially with each cycle until reaction components become limiting, at
which time reactions are said to plateau or become saturated (Figure 14.2). It is only
while reaction products accumulate exponentially that their abundance bears any rela-
tionship to the amount of starting material. Thus, the single most important consider-
ation for mRNA quantification by RT-PCR is to establish the kinetics of PCR reactions
for that transcript and to only rely on quantitative information acquired from exponen-
tially accumulating product. In practical terms, exponential amplification of a targeted
gene product by PCR is depicted by a linear relationship between the log of accumu-
lated product and PCR cycle number.

4.2 Factors Affecting PCR Optimization

Representation of mRNA as a single PCR product can be influenced by whether mul-
tiple or single gene transcripts are amplified in the same reaction. Although theoreti-
cally the use of multiple primer pairs in a single reaction (referred to as multiplexing)
can minimize errors in the sampling of a common cDNA sample, reactions can competi-
tively inhibit each other as reagents become limiting. This competition can be minimized
by adjusting relative primer and template concentration or by selectively controlling
the timing of primer addition to a reaction (45, 46). The kinetics of a PCR amplification
will also be affected by variations in the thermocycler used for an experiment, which
differ in the amount of control, accuracy, and speed with which temperature cycling
can be achieved. Thus, after optimizing amplification of a specific gene transcript with
a given thermocycler, switching to an alternative cycler should be avoided, without
rechecking optimized conditions.

Scarcity of target templates, as may occur when analyzing gene expression in single
embryos, will alter PCR reaction kinetics by favoring mispriming of unrelated templates.
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This may be corrected by resorting to hot start PCR methodology (47, 48). Originally
this method entailed the addition of Taq polymerase to a reaction mixture once it had
reached the denaturation temperature, so as to minimize template elongation at sites
where primers annealed nonspecifically. In recent years, recombinant Taq polymerase
activated by high temperatures (e.g., Ampli-Taq Gold, PEC, Palo Alto, CA) have facili-
tated this approach by permitting all reagents to be mixed before temperature cycling,
as done for conventional reactions (49). Hot start PCR with recombinant heat-activated
Taq was key to our success in consistently quantifying mRNA in single bovine oocytes
and embryos (25). However, the increased sensitivity this approach offered also increased
our capacity to detect trace contaminants in negative control reactions presumably lacking
template.

The potential for detecting contaminant cDNA is a real danger associated with PCR
that cannot be taken lightly, especially when the methodology is optimized to work
with limited amounts of tissue, such as single embryos. Measures to prevent the in-
troduction of contaminants include (1) using separate pipettes for RNA isolation and
RT versus PCR, (2) using either positive displacement pipettes or conventional pi-
pettes with plugged (aerosol barrier) tips for all procedures, (3) preparing aliquots of
reaction components as limited-use volumes, (4) using only ultra-pure water collected

Figure 14.2. Kinetics of RT-PCR product amplification. (A) Ethidium bromide-stained gel
profile of a 336-base product for bovine Na+/K+ ATPase a-1 mRNA amplified from single em-
bryo cDNA equivalents after 32–40 cycles. (B) Corresponding graph depicting product abun-
dance relative to PCR cycle number as determined using capillary electrophoresis.
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in single-use sterile plastic-ware in the preparation of all reagents, (5) avoiding any
reagent or supply sterilized in the same autoclave used to decontaminate biological
waste, and (6) performing RNA isolation and RTs in a separate work area from that
designated for PCR setup.

4.3 Selecting a Method to Quantify PCR Product Abundance

4.3.1 Radiolabeled Nucleotides

The first studies to quantify relative mRNA abundance did so by spiking gene-specific
PCRs with a radiolabled nucleotide (a-32P-dCTP) (26, 32). Radiolabeled reaction prod-
ucts are separated on agarose gels that are then stained with ethidium bromide for prod-
uct visualization. Products are then excised and measured using a scintiliation counter.
Although the low cost and self-sufficiency of this method is ideally suited for small
laboratories, the hazards of working with radioactivity make this approach less desir-
able than more modern approaches.

4.3.2 Gel Documentation Systems/Photography

In recent years gel documentation systems have become available as a departmental or
divisional resource. In principle these systems enable densitometric calculations of
amplification products visualized after ethidium bromide staining. Gel doc systems have
been successfully applied in quantitative RT-PCR on early embryos (22, 23, 29). Al-
though convenient in their capacity to provide greater control over image acquisition
and analysis than conventional Polaroid photography, the capacity to alter image inten-
sity and contrast can confound quantitative measurements. The greatest difficulty to be
aware of is the capacity to create images whose intensity is saturated and no longer re-
lated to true signal strength. One way to monitor this is by running commercially avail-
able mass ladders on the same gels containing amplification products so that a standard
curve relating mass to pixel intensity can be calculated. Post-electrophoretic staining of
gels with ethidium bromide is preferable to including stain in the gel or run buffer be-
cause ethidium bromide migrates in the opposite direction to cDNA products during
electrophoresis due to charge differences. Additional measures that ensure the accuracy
and reproducibility of measurements of the amount of amplification product generated
include subtracting pixel intensity determined from a neighboring region of gel not
containing amplification product and standardizing all aspects of electrophoretic gel
separation and gel staining.

4.3.3 Capillary Electrophoresis

Next to real-time fluorescence PCR (see below), capillary electrophoresis is perhaps
one of the most accurate methods for quantifying PCR product abundance requiring
minimal (1–5 ml) amount of reaction products. It entails electrophoretic separation of
cDNA either straight from a PCR reaction mix or following desalting through a gel matrix
preloaded in a glass capillary (50). Separation of products is on the basis of molecular
weight, and run times of 20–30 min can resolve products differing by at least 10 nucle-
otides. Single nucleotide resolution can be attained by increasing both the run time and
gel matrix composition, and product abundance is automatically calculated from the area
under the peak corresponding to its size. Capillary electrophoresis has been used in the
quantitation of gene transcripts from pools of mouse embryos and single bovine oo-
cytes and embryos (25, 45). Despite the precision of this method, it has the disadvan-
tage of only being able to run one sample at a time. Analysis of multiple samples
representing either several gene products or developmental stages thus takes signifi-
cantly longer than the other methods described.
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4.3.4 Real-time Fluorescence PCR

In recent years, the integration of fluorogenic nuclease chemistry with proprietary tech-
nology for PCR and fluorescence detection from Perkin Elmer Applied Biosystems (now
EG&G, Inc., Wellesley, MA) has made it possible to quantify cDNA template abundance
noninvasively in real time (51). This technology is based on the annealing and cleavage
of gene-specific oligonucleotide probes with fluorescent and quenching dyes attached
during DNA amplification. In principle, probes anneal in a sequence-specific fashion
downstream of one of the primer sites, when the target template is present. During primer
extension, probes are then cleaved by the 5' nuclease activity of the Taq DNA polymerase.
As a result, reporter and quencher dyes attached to the probe are uncoupled from proxim-
ity to one another, increasing the reporter dye signal, and the probe is removed from the
target strand so that primer extension continues. By performing amplifications on an ABI
PRISM 7700 sequence detector (EG&G, Inc., Wellesley, MA) or comparable facsimile,
the fluorescent reporter signal is detected via laser-directed fiber optics and normalized to
the fluorescence of an internal reference dye. Peak normalized reporter values are then
averaged for each cycle and plotted versus cycle number to produce amplification plots
comparable to those achieved by manual termination of reactions at the end of each cycle.
Using real-time PCR, reactions are characterized by the point in time during cycling when
amplification of a PCR product is first detected rather than the amount of PCR product
accumulated after a fixed number of cycles using other approaches. This parameter is
referred to as the threshold cycle, which subsequently can be used for either relative or
absolute calculations of starting template abundance.

Several groups have used real-time PCR to analyze gene expression during early
mammalian development. This includes studies on pooled bovine and single human and
mouse oocytes and early embryos (30, 52, 53). Conceptually, the sensitivity of fluores-
cence-based detection of transcript amplification may make real-time PCR ideally suited
for mRNA quantification in single embryos and cells. However, improved PCR sensi-
tivity would still be subject to the same limitations on RNA representation imposed during
RNA isolation and reverse transcription.

5. CONCLUSION

Relative mRNA measurements represent an indication of steady-state levels of a mRNA
transcript and not transcription or degradation per se. Their accuracy is critically de-
pendent on preserving mRNA representation during all aspects of RNA recovery,
reverse transcription, and PCR. Establishing the kinetics of PCR amplifications to identify
the exponential phase of either targeted or standard template accumulation is of para-
mount importance to the whole endeavor. Both exogenous and constantly expressed,
nonregulated endogenous transcripts can serve as reference standards to control for
variations in RNA representation between samples. Protocol 14.1 describes relative
mRNA measurements using an exogenous RNA standard.

Protocol 14.1. Relative mRNA abundance determination using an exogenous
globin standard

1. Lyse single or pooled embryo samples in a minimum volume (~1 ml) of their
last wash by adding at least 10–100 ml of GITC lysis buffer (4 M guanidine
isothiocyanate, 0.1 M Tris [pH 7.4], 1 M b-mercaptoethanol).

2. Lysed samples can be stored indefinitely at –80°C and transported if necessary
in dry ice.

3. On day of RNA isolation, prepare working stock of globin mRNA from con-
centrated 50 ng/ml stock in sterile H2O (50 ng/ml stock of globin mRNA [Gibco
BRL, Gaithersburg, MD] keeps for up to 6 months at –80°C).
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4. Thaw embryo samples and add to each 0.1 pg of globin RNA per embryo, in a
volume not exceeding 1 ml. Note: Use diluted stocks immediately. Dilute globin
mRNA is unstable and can deteriorate on ice within hours, or following freeze/
thaw cycles.

5. Isolate RNA by microscale method of choice (see chapter 13 for alternatives).
6. Prepare oligo-dT master mix. For 1 reaction volume, mix 10 ml of DEPC-treated

sterile H2O (or if you are confident about your water, just sterile water) and 1 ml
of oligo-dT (0.5 mg/ml; Gibco). For large volumes of master mix it is some-
times wise to prepare an extra volume to compensate for pipetting errors.

7. Prepare RT mix. For 1 reaction volume, mix 4 ml of Gibco BRL 5× First Strand
buffer, 2 ml 0.1 M DTT, 1.5 ml 10 mM dNTPs, 1.5 ml of Superscript (300 U;
0.5 mg/ml stock; Gibco). Note: This amount of superscript may be in gross ex-
cess of what is needed. It is possible to cut back even further because 200 U are
required for up to 5 mg of mRNA, and a single expanded mouse or bovine blas-
tocyst has from 1–10 ng of total RNA. If you do choose to cut back, then in-
crease the volume of H2O in the oligo-dT mix accordingly.

8. On ice, add 11 ml of oligo-dT mix to each tube containing 1 ml of isolated RNA.
Note: To accommodate increasing volumes of RNA template, the amount of
H2O in either the oligo-dT or RT master mixes can be reduced, so that the final
volume of the reaction remains 20 ml.

9. Add 9 ml of RT mix to chilled RNA/oligo-dT mix and blend by repeated pipetting.
If necessary, spin down tubes before beginning RT.

10. RT for 90 min at 43°C. Stop the reaction by treating for 5 min at 95°C and then
chill on ice. Note: RTs can be performed on programmable thermocyclers in-
stead of heating blocks. However, doing so runs the risk of RT reactions being
contaminated by aerosols containing PCR cDNA products, which may be trans-
ferred between tubes during handling or via loose-fitting caps. Caps on plastic
reaction tubes can fail if they are not high quality.

11. Store RTs at –20°C after spinning the tubes down.
12. PCRs can be performed on a 2- to 5-ml aliquot of the RT in a 25-ml reaction

according to manufacturer’s instructions.
13. From a 25-ml PCR reaction, a 10–20 ml volume is normally sufficient to visual-

ize a product on an ethidium bromide-stained gel.

Protocol 14.2. Quantification of RT-PCR by gel documentation scanning

• For most typical RT-PCR product sizes (e.g., 200–800 bp) a 2% agarose gel is used
(2 g in 100 ml 1× TAE) and contains 0.5 mg/ml of ethidium bromide. Gels are
loaded with 20 ml of RT-PCR product per lane mixed with 4 ml of 6× loading dye,
using the same set of pipettors for each gel to be quantified.

• In addition, 5 ml of a 100-bp marker (Fermentas, Hanover, MD) is run in a marker
lane. The 500-bp band is the brightest, and we have used this marker for quantification.

• The gel is run for approximately 1 h at 115 V, or until the bromophenol blue dye
marker is about 1 cm from the bottom of the gel.

• For PCR reactions to be quantified, the number of cycles must be optimized so
that they fall within the linear amplification range for each primer set of interest.

• An image of the gel is taken with the gel doc system. We have used a Pharmacia
Biotech system (Uppsala, Sweden). The UV lamp and the transmittance must be
on and the black tray must be used. To achieve maximal image quality, the lens
must be focused on the gel and the time, gain, and black level set and kept con-
stant. The f-stop of the camera is usually set to about 2. Similar settings must be
maintained for each gel. A hard copy may be printed with the thermal printer.

• For storage on the computer, the g setting on the gel doc must be switched from
0.45 (pictures) to 1.00 (computer storage). This is important, because if it is not
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done, the Imagemaster program has difficulty discerning white bands from dark
bands and will have to be reset manually.

• In the Imagemaster program (Pharmacia), in the experiment window set the func-
tion type to DNA analysis and enter ok. Then click the camera icon and click snap
to take a picture. Again, the time, gain, and black level on the gel doc can be ad-
justed to get the best picture. This image should be saved as a tif file, and it can be
analyzed immediately, or Imagemaster can be closed and the analysis done later.

• If the analysis is conducted later, open the Imagemaster program at that time and
enter DNA analysis as before. On file menu, open the *.tif file. This will open to
about a three-quarter screen.

• For quantification, start with the globin PCR, record the data for the 500-bp marker
band and all globin bands. It is helpful if all other PCR gels are loaded in the same
order. For other PCRs, record the data for the marker 500-bp band and other bands.

1. If the legend does not appear automatically, open this icon. First, go to the lanes
menu and select add lanes, and a white, full-length lane will appear that can be
moved on the screen with the mouse. Adjust the size (pixels) so the lane is a bit
larger than the well and band size. Now mark all the lanes (each will be a dif-
ferent color), and when done click ok. The lanes can be moved individually to
bracket the bands/wells with the mouse and or the size adjusted at any point.
The length of the lanes can be reduced with the mouse at the top or bottom of
lane to reduce the background.

2. On the lanes menu, go to the bands section. The sensitivity is usually on 5 and
white bands are selected. Normally the automatic band detect is on.

3. Go to lane profile that gives a graphic representation of the fluorescence per
lane. Select plot and select single lane. Here the brackets are adjusted on the
fluorescent peaks, so that the band marker is just larger than the band in the
photograph. Repeat for each marked band to be quantified.

4. Next, go to data to see data for all lanes horizontally. The leader should say
absolute integrated optical density and the IOD box is checked. Make minor
adjustments to brackets, lane position, and lane width while looking at the data
until the best estimate is obtained.

5. Print the data and/or save to file. On data, go to file, data to file, and name the
file. It will save as *.txt. Usually it is best to give the tif and txt files the same
name so they can be easily matched.

• For quantification involving samples run on two or more gels simultaneously, we
first determine the variation in ethidium bromide staining between gels by mea-
suring the variation in intensity of the marker 500-bp band in each gel. This ratio
of 500-bp marker lanes between gels generates an adjustment factor to standard-
ize measurements of globin and target gene PCR product levels between gels. In-
tensities for globin and target gene products are measured in each lane, and they
are adjusted by the marker 500-bp ratio factor. The globin-to-target gene ratio is
then calculated for each band pair of interest. Duplicate and triplicate reactions
should be prepared and measured for each sample to generate a mean and stan-
dard error of the mean for each experimental sample. Repeat for all lanes and all
genes of interest.
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1. USING GENOMICS AND PROTEOMICS IN UNDERSTANDING
EARLY DEVELOPMENT

The introduction and development of genomics and proteomics during the past decade
have significantly changed the way in which biomedical, agricultural, and biological
research is conducted. Genomics and proteomics, which represent the identification and
sequencing of genes and the systematic analysis and documentation of proteins in a
biological sample, have been recently combined to give rise to functional genomics.
Functional genomics encompasses assigning function to genes identified by genomics
as well as investigating the organization and control of genetic pathways and the modi-
fication of their resulting proteins. This approach is breaking down the distinction be-
tween classic areas of study such as biochemistry, genetics, and physiology and bringing
aspects of each field together to advance the understanding of biological systems. In
this chapter we address the genomics aspect of functional genomics and its applica-
tion to mammalian preimplantation-stage embryos by introducing and discussing
methods designed to investigate and identify “new” genes involved in preimplanta-
tion development.

In the last several years, research on the molecular events that control early develop-
ment has intensified. Specifically, there has been a concentrated effort directed at de-
termining how transcript expression throughout preimplantation development supports
the overall developmental program to the blastocyst stage (reviewed by Watson and
Barcroft [1]). Characterization of these transcripts has largely relied on a gene-by-gene
approach that arises from a specific result from which a hypothesis is generated based
on individual genes that may be involved in driving the developmental event. An ex-
ample is the study of blastocyst expansion and the related contribution of specific
members of the Na+/K+-ATPase gene family in establishing an ionic gradient across
trophectoderm cells to mediate accumulation of fluid supporting formation of the blas-
tocoel cavity (reviewed by Watson et al. [2]).

The advent of highly efficient DNA sequencing methodology in the 1990s is one of
the critical advances that made functional genomics a reality. This field has expanded
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in parallel with developments in the human genome sequencing project and other ge-
nome sequencing projects. As increasing amounts of sequence data are entered into
databases around the world and techniques for large-scale analysis of gene expression
are improved, it has become feasible to use these approaches to study gene expression
in embryos (3–6). This has prompted a shift in the approach to experimental design from
classic hypothesis-driven research and investigating genes on an individual basis to in-
vestigating questions in more general terms. By examining overall changes in gene
expression surrounding a particular event or under specific treatments or conditions,
inferences can be made about groups of genes required to be expressed in the experi-
mental paradigm, the way in which different groups or families of genes may interact in
the experimental paradigm, and previously uncharacterized genes playing a role in the
experimental paradigm. Once this information has been generated, individual genes or
gene families can then be examined and characterized more specifically in the context
of the original experimental design. Investigators in many fields interested in gene
expression underlying disease or specific cellular events are now able to study the ex-
pression of hundreds or thousands of genes in a single screen or assay, in contrast to
investigating expression of individual genes. Using techniques such as DNA microarrays,
differential display reverse transcription-polymerase chain reaction (DD-RT-PCR) and
subtraction hybridization (SH), it is now possible to compare and contrast global pat-
terns of gene expression between multiple tissues or samples. Although each of these
techniques varies in the details in which they are applied and the type of information
they provide, they are all similar in that they allow the direct comparison of patterns of
gene expression between two or more representative pools of RNA and allow the iden-
tification of previously uncharacterized genes within the comparison groups. These types
of approaches have eliminated the question of how to investigate gene expression and
have instead largely replaced that question with another: how do we deal with the amount
of information that is generated by these approaches? In response to this challenge, the
field of bioinformatics has rapidly grown to handle the storage and analysis of informa-
tion generated in gene and protein screens. Large databases of nucleotide and amino
acid sequence information have been accumulated, and, in coordination with web-based
software on these sites, unknown protein and nucleotide sequences can be screened for
sequence similarity against previously identified/characterized sequences by the public
(e.g., www.nbci.nlm.nih.gov/ and www.tigr.org).

In this chapter we focus specifically on the application of DD-RT-PCR to investigate
global patterns of gene expression and identify novel gene products in preimplantation-
stage mammalian embryos. This method is now widely applied to search for new genes
and investigate gene expression in the preimplantation embryo (3, 5, 7–9). Its principal
utility is that it can be applied to small starting mRNA samples, and it can also be ap-
plied to contrast mRNAs between more than two samples in a single experiment. For
these reasons we believe that it offers an important approach for targeting functional
genomics to the preimplantation embryo.

2. DIFFERENTIAL DISPLAY REVERSE TRANSCRIPTION-POLYMERASE
CHAIN REACTION

DD-RT-PCR is a PCR-based technique that is an unbiased method to contrast mRNA
pools from two or more samples (10) (see Figure 15.1 for overview). Introduced in 1992
(10), DD-RT-PCR uses short, arbitrary primers in the 5' position (10-mer) in coordina-
tion with one of four anchored oligo-dT primers in the 3' position. The basic principle
is that by using a specialized or anchored oligo-dT to prime the reverse transcription
reaction, the pool of messenger RNA can be subdivided into four representative parts.
The same oligo-dT used in the RT reaction is then used in a PCR reaction in coordina-
tion with one of 26-5' primers. These 26 primers are short 10-mer oligos of specific

www.nbci.nlm.nih.gov/
www.tigr.org
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sequence designed in various patterns of bases to theoretically prime all cDNA frag-
ments present after RT arbitrarily with an anchored oligo-dT. By combining each 5'
primer in PCR reactions with each anchored oligo-dT after RT with that same anchored
oligo-dT, cDNA fragments should be generated that represent each transcript present
in any RNA sample at least once. To visualize these products, the PCR reaction is car-
ried out in the presence of a radiolabeled nucleotide, generally either 35S or 32P, and,
after amplification, PCR products can be separated on a sequencing-grade polyacryla-
mide gel followed by drying of the gel and exposure to X-ray film. An anchored oligo-
dT is a run of several T bases from the 5' to 3' direction that is anchored at the 3' end
with either A, T, C, or G (random) at the second-to-last position and in the final 3' po-
sition, specifically by either A, T, C, or G, therefore giving the designations T11MC,
T11MG, T11MA and T11MT, where M represents the random base.

After comparing banding patterns between samples and identifying differentially
expressed cDNAs, these products can be easily isolated from the gels. After reampli-
fication and cloning by standard T-A-cloning (T-Easy; Promega, Madison, WI), these
products can then be sequenced and potentially identified by comparison of the nucle-
otide sequence to one of many available sequence databases. As a result, this method
can lead to the identification of new gene products as well as the description of expres-
sion of previously characterized ones.

DD-RT-PCR has been used in a number of studies in our laboratory to assess pat-
terns of gene expression in bovine embryos (5, 7). In one such experiment, we used this
technique to investigate variance in gene expression after insemination of in vitro-

Figure 15.1. A schematic overview of the dd-RT-PCR approach as applied to preimplantation
mammalian embryos. Briefly, total RNA is isolated from pools of embryos and undergoes first-
strand cDNA synthesis using one of four anchored oligo-dTs. PCR is then carried out in the
presence of a radiolabel using one of 26 arbitrary 10-mer 5' primers in coordination with the
same oligo-dT used for first strand cDNA synthesis. Amplicons are visualized by standard PAGE
followed by autoradiography. Differentially expressed cDNAs are then cloned, sequenced, and
expression confirmed by PCR following the design of gene-specific primers against the differ-
entially expressed amplicon.
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matured bovine oocytes and during their progression through each cleavage division to
the blastocyst stage (5). Briefly, pools of 50 in vitro-matured oocytes and embryos (at
the 2–5-cell, 6–8-cell, 8–16-cell, morula, and blastocyst stages) were collected and
analyzed by DD-RT-PCR using different primer sets. This approach allowed us to dem-
onstrate that patterns of gene expression in mature oocytes are similar to patterns in early
cleavage-stage embryos (2–5 cells). As the bovine embryo begins to undergo the major
phase of genome activation at the 6–8-cell stage, the pattern dramatically shifted to
establish a new pattern that was then conserved and further refined through the 8–16-
cell, morula, and blastocyst stages. By examining gene expression in embryos in this
fashion, we were able to gather data on how general patterns of gene expression varied
with each cell division as well as to identify embryo stage-specific gene transcripts. To
further enhance the study and to specifically examine gene transcripts actively transcribed
from the embryonic genome, we also included treatment of the cultured embryos with
a specific inhibitor of RNA polymerase II activity, a-amanitin, thereby preventing ac-
tive production of mRNA species in these embryos.

Other experiments using DD-RT-PCR that have been carried out in our laboratory
include the comparison of gene expression in bovine embryos cultured to the blasto-
cyst stage in fully defined culture media and a reduced oxygen atmosphere versus
embryos cultured in the presence of serum, oviductal co-culture, and 5% CO2 in air at-
mosphere. We have also used this method to contrast gene expression in embryos pro-
duced by somatic cell cloning to embryos produced in vitro and in vivo as well as to the
patterns of gene expression typical of the nuclei-donor cells used in the production of
the somatic cell clones (7). As a final example, DD-RT-PCR has also been used to com-
pare patterns of mRNA expressed in bovine oocytes collected from follicles of differ-
ent sizes and stages (6).

A chief advantage of DD-RT-PCR is that it is possible to work with small amounts
of starting material—for example, single preimplantation-stage embryos. In addition,
using DD-RT-PCR, one can compare several samples at once in a single screen. In fact,
the number of samples that can be compared in a single display is limited only by the
researcher’s ability to provide starting material, manage a large number of PCR reac-
tions, and provide a gel apparatus large enough to display the resulting products.

3. APPLICATION OF DD-RT-PCR METHODS

3.1 Collection of Eggs and Embryos

We have investigated gene expression during preimplantation development for both
murine and bovine species. Methods used to produce and collect preimplantation-stage
embryos from either species are given in other chapters of this book. For bovine embryo
production, cumulus–oocyte complexes (COCs) are harvested from slaughterhouse-
collected ovaries, pooled, washed in oocyte collection medium, and placed in oocyte
maturation medium for 22 h at 39°C under a 5% CO2 in air atmosphere (11,12). Frozen
bovine semen is thawed and prepared by a swim-up procedure (working concentration
1 × 106 sperm/ml) (13). Inseminated oocytes are cultured in 50 ml drops of modified
synthetic oviduct fluid medium (SOFM) supplemented with 0.5 mM sodium citrate,
3 mg/ml PVA, and 1× nonessential and essential amino acids under a 5% CO2, 7% O2,
and 88% N2 atmosphere. Embryos are cultured for up to 8 days at 39°C.

Murine embryos are obtained from random-bred CF-1 or CD-1 females superovu-
lated with pregnant mare serum gonadotrophin (PMSG) and human chorionic gonado-
trophin (hCG) and mated with CB6F1/J males. COCs are collected from unmated female
mice at approximately 13–15 h after administering hCG, whereas two-cell, four-cell,
eight-cell, morula-, and blastocyst-stage embryos can be collected from mated females
by standard oviduct and uterine flushing methods at approximately 48, 56, 72, 80, and
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90 h after hCG, respectively. For culture of murine embryos, two-cell-stage zygotes are
flushed from oviducts at 48 h after hCG administration and placed in 50-ml drops of
KSOMaa medium (potassium simplex optimized medium plus amino acids [14]), cov-
ered by mineral oil, and cultured under a 5% CO2, 7% O2, and 88% N2 atmosphere for
up to 3 days at 37°C. These procedures produce the best culture environments for sup-
porting bovine and murine preimplantation development in vitro.

3.2 RNA Isolation and Reverse Transcription

(For a detailed review of the methodologies currently applied for the isolation of total
or Poly A+ mRNA from preimplantation staged embryos, refer to chapter 13.) We have
used microisolation of RNA from pools of frozen, lysed embryos using messenger af-
finity paper (mAP), based on the method of Collins and Fleming (15) and described by
De Sousa et al. (12). We used this method of RNA isolation in our experiments because
it generated reproducible results in PCR amplification of specific gene products from
small numbers of preimplantation-stage embryos. There are currently many RNA iso-
lation methods used by different labs around the world, and any method that yields re-
producible PCR results from small pools of embryos should be equally effective for
RNA isolation in the context of DD-RT-PCR experiments.

Reverse transcription of total RNA from embryo samples employs an anchored
oligodT11MC primer (10). Reverse transcription reactions are conducted in a final vol-
ume of 20 ml consisting of 50 mM Tris HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM
DTT, 750 mM dTNPs, and 300 U of Supercript RNase H (Gibco BRL, Gaithersburg,
MD) for 90 min at 42°C. Reactions are terminated by heating for 5 min at 95°C and
then placing on ice. The reverse-transcribed cDNA can be either used immediately for
DD-RT-PCR analysis or stored at –20°C for weeks or even months. As a negative con-
trol for RNA isolation and reverse transcription, non-reversed transcribed samples must
be included in the DD-RT-PCR experimental design.

3.3 Differential Display PCR

After reverse transcription of cDNA with the chosen anchored oligo-dT primer, the low-
stringency PCR reaction is carried out. Although we have used [35S]-ATP in our DD-
RT-PCR reactions, alternative radioisotopes may be used to visualize PCR products.
For example, 33P-labeled nucleotides may be used with the benefit of enhanced detec-
tion of bands after autoradiography as well as a reduction in the potential for contami-
nation of work space/equipment by aerosols that are associated with 35S isotope. The
DD-RT-PCR reaction mix set-up is detailed in Protocol 15.1.

3.4 Display of PCR Products by PAGE

Products of the DD-RT-PCR reaction are separated, according to size, by polyacryla-
mide gel electrophoresis on a standard sequencing-gel apparatus. Visualization of PCR
products is then possible due to the incorporation of a radiolabel into the PCR amplicons
by standard autoradiography/X-ray film methods (see Protocol 15.2).

3.5 cDNA Band Selection

As for any experimental, approach, careful consideration must be given to experimen-
tal design. It is important that non–reverse-transcribed controls are conducted along with
reverse-transcribed embryo samples. In addition, we have adopted a conservative ap-
proach to designating individual bands as differentially expressed. All of our embryo
samples are run simultaneously as triplicate PCR amplifications. Only those bands con-
sistently represented in each of the triplicate lanes as positives are considered for fur-
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ther analysis. In addition to these criteria, when comparing cDNA banding patterns
between different groups, we select only those bands that were clearly present in one
group and absent in the comparison group. These steps are necessary to reduce the num-
ber of false positives that are selected for further analysis. The size of the original em-
bryo pool used for RNA isolation affects these parameters in a dramatic way. It is possible
to apply these methods to analyze mRNA pools in individual blastocysts, however, the
use of single embryos from cleavage-stage embryos is likely not warranted due to the
increased variability in banding pattern observed among triplicate reactions. It is pos-
sible to use DD-RT-PCR to examine changes in abundance of a message, but this method
is not quantitative per se, and a more reliable quantitative assay must be used subse-
quent to the isolation of putative differentially expressed cDNA to confirm the differ-
ential gene expression (e.g., Northern blot, quantitative PCR).

3.6 Identification of Differentially Expressed Genes

One of the most compelling reasons for applying DD-RT-PCR methods to examine gene
expression is the ability to easily identify the differentially expressed transcripts. Be-
cause the method is based on low-stringency PCR amplification, the technique results
in the identification of both known transcripts and also of entirely novel gene transcripts.
After selecting a differentially expressed band from the autoradiograph, the film is used
as a template and positioned over the dried polyacrylamide gel and fastened down. The
selected band is then cut out of the film along with the gel below. Using the following
protocol, the band is eluted from the polyacrylamide, ethanol precipitated, and re-
amplified with the same primer set used in the DD-RT-PCR amplification series. The
resulting PCR amplicon is then cloned using a commercially available TA-cloning or
PCR-cloning vector/kit and can then be sequenced. The nucleotide sequence obtained
from DD-RT-PCR products generally represents the 3' end of the message, as the tech-
nique relies on priming by a modified (anchored) oligo-dT. However, some of the prod-
ucts may not be generated as 5'–3' amplicons. Based on sequence similarity to sequences
published in sequence databases, the differentially expressed transcript can then be
putatively identified or deemed novel.

For excision and reamplification of differentially expressed cDNAs, see Protocol 15.3.

4. CONSIDERATIONS

In the application of DD-RT-PCR, there are several considerations at different steps of
the protocol that should be taken into account to generate successful displays. First, one
of the major limitations facing researchers attempting to characterize gene expression
in early mammalian embryos is the limited amount of starting material. With only nano-
grams of RNA in a single embryo, many molecular techniques for the examination of
gene expression are excluded, as they would require hundreds or thousands of embryos
for a single experiment. This is both tedious and expensive. Differential display is not
so dramatically affected by this problem, as PCR can be carried out successfully on single
embryo equivalents. It is necessary, however, to consider the number of embryos from
which RNA is harvested for use in the DD-RT-PCR reaction. To avoid minimizing sen-
sitivity to low-abundance messages, we have found it useful to process embryos in groups
of greater than 10. In fact, the more embryos that can be used for collection of RNA in
a single pool and subsequent reverse transcription the better, as this pool can then be
used for DD-RT-PCR with multiple primer sets. When applying DD-RT-PCR, it is im-
portant to consider the number of embryo equivalents of cDNA being used as a tem-
plate in each reaction. Although it is important not to add too little cDNA, it is equally
important to not add too much. We find it possible to achieve reproducible and consis-
tent banding patterns using two embryo equivalents of cDNA in each PCR reaction.
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This amount of cDNA works equally well for all stages of preimplantation develop-
ment. It is possible to use less at some stages, for example, the blastocyst, but banding
patterns may become weak and/or inconsistent. In terms of how much cDNA can be
added, we find that the use of 5 or maximally 10 embryo equivalents per reaction is
possible; however, more than this results in a dark smear on the gel.

Another important consideration is the selection of differentially expressed amplicons.
A differentially expressed transcript may be identified and selected based on its inten-
sity in one sample with respect to another, but it is important to consider that any given
band on a differential display gel may actually represent different comigrating species
of cDNA due to the nature of random priming by the short and arbitrary 5' primer. Some
of these species will not be differentially expressed, therefore, upon excision/cloning
and sequencing, it is possible that the amplicon cloned is one of those that is not differ-
entially expressed. To reduce the likelihood of false positives in the selection of differ-
entially expressed amplicons, a single-stranded confirmation polymorphism procedure
can be applied to separate the different species of cDNA that may be present in what
appears to be a single band in the differential display.

5. CONCLUSIONS

Elucidation of the genetic program controlling preimplantation development is an im-
portant endeavor. With the development of techniques that allow the investigation of
gene expression on a large scale, this goal will likely be realized and specific mecha-
nisms influencing gene expression eventually defined. While each technique has ad-
vantages and disadvantages, it is possible to successfully screen for new genes during
preimplantation development using comparatively small embryo pools. As these tech-
niques are refined and advanced, the only limitation may well be our imagination in
establishing newer and more effective experimental paradigms for their application.

Protocol 15.1. Differential display PCR

1. When preparing samples for DD-RT-PCR, prepare a master mix including all
reaction components except the cDNA to reduce pipetting error and minimize
pipetting of [35S]dATP. In addition, prepare mixture on ice adding Taq polymerase
and [35S]dATP last to minimize handling of and contamination with radioactiv-
ity. Set up DD-RT-PCR reaction mix (20 ml total minus volume of cDNA) as
follows:

2.0 mL 10× PCR buffer (Mg2+ free)
2.0 ml 25 mM MgCl2

0.2 ml 200 mM dNTP
(quantity depends on volume of cDNA) nanopure water
2.0 ml 5' primer (5 mM stock)
2.0 ml 3' primer (25 mM stock)
0.5 ml Taq polymerase (5 U/ml)
1.0 ml [35S]-dATP (10 mCi/uL)

Note: 5' primer is a random 10 mer; 3' primer is the same primer used in reverse
transcription and preparation of cDNA.

2. Aliquot cDNA into 0.5-ml tubes in which DD-RT-PCR reactions will be carried
out. The amount of cDNA required for each reaction depends on the embryo stage
being used. DD-RT-PCR reactions were most reliable using the following mini-
mum numbers of embryo equivalents (ee; where 1 ee = 1 ml of a 20-ml reverse
transcription reaction in which RNA from 20 embryos/oocytes has been reverse
transcribed) for each stage: oocyte to morula – 2ee, blastocyst – 1ee.
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3. Add PCR mix to tubes containing aliquoted cDNA and overlay with light paraf-
fin oil (1 drop/tube from a 200 ml pipettor) and cycle as follows: 40 cycles of 94°C
for 30 s, 42°C for 60 s, 72°C for 30 s, followed by a hold at 72°C for 5 min and
a 4°C dwell. Note: Annealing temperature is the same as annealing temperature
used in reverse transcription reaction for preparation of cDNA being used.

4. Display DD-RT-PCR products by standard PAGE or store at –20°C for only a
few days at most. Best results will be obtained if DD-RT-PCR products are dis-
played within the first half-life of the radioisotope used.

Protocol 15.2. Display of PCR products by PAGE

1. Prepare polyacrylamide (6%). As a guide, the sequencing apparatus used for
differential display in our lab is 38 × 50 cm in size. Using spacers of 0.4 mm
thickness, a gel volume of approximately 85 ml is required. For preparation of
100 ml of 6% polyacrylamide:

42 g urea
10 ml 10× TBE
15 ml 40% acrylamide stock
1.0 g Bio-Rad ion exchange beads
≤ 80 ml distilled water

Cover and mix on stirrer under low heat to dissolve urea. When dissolved, top
up to 100 ml with distilled water and filter through #1 Whatman paper (wet fil-
ter paper first with distilled water to reduce volume loss).

2. While urea is dissolving, clean sequencing plates carefully and thoroughly with
a detergent such as Sparkleen and rinse. Dry using 95% EtOH and give a sec-
ond rinse with 95% EtOH.

3. After drying, mix 200 ml of Kodak PhotoFlo in water (5 ml total) and apply half
to gel surface of each plate. Spread using Kimwipes and wipe dry. Plates should
be uniformly smooth after this treatment. This step is important because it in-
fluences the ease with which the gel can be removed from the gel plate after
electrophoresis and before gel drying.

4. Clean spacers and comb and, when dry, put apparatus together.
5. To pour gel, add 100 ml 25% Ammoniun Persulfate (freshly prepared) and 100 ml

TEMED to acrylamide and pour quickly. Gel will begin to polymerize within
10–15 min. Allow gel to polymerize 2 h. Gel may also be left to polymerize over-
night. In this case, place wet paper towel over top of the wells, but not touching,
and seal with plastic wrap to prevent well shrinkage.

6. Prepare 1× TBE running buffer and prewarm to 50°C before adding to appara-
tus. Add buffer to assembled apparatus, remove comb, flush wells using a sy-
ringe and needle (to remove urea and nonpolymerized acrylamide), and run at
approximately 70 W for 2 h before loading (gel and plates should reach run-
ning temperature prior to loading, approximately 50–55°C).

7. For display, mix 5 ml of DD-RT-PCR products (from each sample; triplicate
reactions are run for each experimental sample) with 2 ml of loading buffer.
Flush wells a second time just before loading. Load DD-RT-PCR product care-
fully to prevent contamination of equipment with radioactivity and to prevent
air bubbles forming in wells, as this may affect how distinct the bands appear
after autoradiography.

8. Run gel at constant wattage to maintain a consistent gel temperature of 50–55°C.
The wattage/temperature relationship will be determined by gel thickness, size, and
so on, and simply requires trial and error. Start with a run time of 3 h and then judge
from that the kind of product separation you desire. A three-hour run has allowed
us to observe cDNA products from approximately 100–600 bp in size clearly.
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9. After electrophoresis, drain buffer from gel apparatus and lay gel apparatus flat
on the bench top. Gently separate the plate with the buffer chamber from the
flat plate so that gel is left on the latter. Using a piece of filter paper just slightly
larger than the gel, gently lower filter paper onto gel beginning at one end and
following to the other. Make sure to avoid creases, folds, or bubbles. Once the
filter paper is flat, the gel should stick to the paper and can now be removed
from the flat plate in one swift motion, beginning from a corner. Lay paper flat
on the bench, gel side up, and cover with plastic wrap. Place in gel dryer and
dry under vacuum for 2 h.

10. When dry, transfer gel to cassette and put down film. Generally, if isotope is
fresh, overnight exposure at room temperature is sufficient using Kodak BioMax
film.

Protocol 15.3. Excision and reamplification of differentially expressed cDNAs

1. Align autoradiograph with the dried gel and cut out the bands of interest through
the autoradiograph and the gel.

2. Place gel/paper into a 0.5-ml tube and rehydrate in 100 ml TE buffer (pH 8.0) for
10 min at room temperature.

3. Boil sample 15 min, spin 2 min in microfuge, and remove supernatant to new
0.5-ml tube.

4. Add 10 ml of 3 M Na+-acetate, 5 ml glycogen (10 mg/ml), and 450 ml cold 100%
EtOH and place at –80°C for 30 min to precipitate the DNA.

5. Spin tube in a microfuge 10 min at 4°C to pellet DNA.
6. Remove supernatant and wash pellet with cold 85% ethanol.
7. Dissolve pellet in 10 ml of dH2O and store at –20°C.

PCR master mix (35 ml)

4.0 ml 10× PCR buffer (Mg2+ free)
4.0 ml 25 mM MgCl2

4.0 ml 200 mM dNTP mix
4.0 ml 5' DD-RT-PCR primer (5 mM)
4.0 ml 3' anchored primer (25 mM)
14.0 ml sterile H2O
1.0 ml Taq (5 U/ml)

Aliqout 35 ml of master mix into 0.5-ml Eppendorf tubes containing 5 ml of eluted
cDNA template giving 40 ml total volume. Cycle on thermocyler: 94°C for 30 s, 42°C
for 30 s, 72°C for 30 s for 40 cycles; 72°C for 5 min, 4°C dwell.

References

1. Watson, A. J., and Barcroft, L. C. (2001). Frontiers Biosci., 6, D708.
2. Watson, A. J., Westhusin, M. E., De Sousa, P. A., Betts, D. H., and Barcroft, L. C. (1999).

Theriogenology, 51, 117.
3. Ma, J., Svoboda, P., Schultz, R. M., and Stein, P. (2001). Biol. Reprod., 64, 1713.
4. Robert, C., Gagné, D., Bousquet, D., Barnes, F. L., and Sirard, M. A. (2001). Biol. Reprod.,

64, 1812.
5. Natale, D. R., Kidder, G. M., Westhusin, M. E., and Watson, A. J. (2000). Mol. Reprod.

Dev., 55, 152.
6. Robert, C., Barnes, F. L., Hue, I., and Sirard, M. A. (2000). Mol. Reprod. Dev., 57, 176.
7. De Sousa, P. A., Winger, Q., Hill, J., Jones, K., Watson, A. J., and Westhusin, M. E. (1999).

Cloning, 1, 63.
8. Lee, K. F., Chow, J. F., Xu, J. S., Chan, S. T., Ip, S. M., and Yeung, W. S. (2001). Biol.

Reprod., 64, 910.
9. Minami, N., Sasaki, K., Aizawa, A., Miyamoto, M., and Imai, H. (2001). Biol. Reprod., 64, 30.



246 A LABORATORY GUIDE TO THE MAMMALIAN EMBRYO

10. Liang, P., and Pardee, A. B. (1992). Science, 257, 967.
11. Betts, D. H., Barcroft, L. C., and Watson, A. J. (1998). Dev. Biol., 197, 77.
12. De Sousa, P. A., Westhusin, M. E., and Watson, A. J. (1998). Mol. Reprod. Dev., 49, 119.
13. Parrish, J. J., Susko-Parrish, J. L., Leibfired-Rutledge, M. L., Crister, E. S., Eyestone,

W. H., and First, N. L. (1986). Theriogenology, 25, 591.
14. Ho, Y., Wigglesworth, K., Eppig, J. E., and Schultz, R. M. (1995). Mol. Reprod. Dev., 41,

232.
15. Collins, J. E., and Fleming, T. (1995). Trends Genet., 11, 5.



16

K. E. LATHAM
G. NOURJANOVA

K. WIGGLESWORTH
J. J. EPPIG

Two-Dimensional Protein Gel
Database Analysis of Embryos,
Oocytes, and Oocyte-associated
Granulosa Cells

247

1. ASSESSING CHANGES IN EMBRYONIC GENE EXPRESSION

A common objective of investigations of the mechanisms regulating early development
is to characterize the effects of specific experimental or genetic manipulations on em-
bryonic phenotype at the molecular level. In many circumstances, where molecular,
cellular, or physiological mechanisms governing a process are well known, a marker
gene approach can be adopted, in which the response of one or more specific genes to
experimental manipulations is examined. In other circumstances, however, such marker
gene approaches are of limited use, either because the nature of the biological response
cannot be readily predicted or because the underlying biology of a given response is
poorly understood, making the selection of the appropriate marker genes difficult.

In clinical medicine, the disease state needs to be characterized at a molecular level
in order to understand the genetic basis of the disease and to design subsequently new
therapies. In these cases, an alternative approach to characterizing the molecular re-
sponses of cells or embryos to manipulations is a global approach in which the effects
on the expression of a large number of genes is examined, without any preconceptions
or bias as to what specific genes should be examined. Two important advantages of using
a global approach to assess changes in gene expression are, first, that unexpected rela-
tionships between diverse treatments and unexpected molecular responses can be seen
and, second, that the large amount of gene expression data produced provides an un-
paralleled opportunity for quantitative and statistical analyses that are not possible with
a simple marker gene approach. As a result, it becomes possible to measure the magni-
tude of change of overall gene expression patterns (i.e., one can quantify the degree of
similarity between two cell types, something that is rarely achieved). It also becomes
possible to observe incremental effects of treatment that may not be observed at the level
of developmental potential or morphology and to identify by cluster analysis families
of gene products that respond coordinately to experimental manipulations.
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2. GLOBAL SCREENING METHODS

Two notable methodologies exist for global analysis of changes in gene expression. One
exploits the recently developed methods for using cDNA microarrays, wherein hybrid-
ization of labeled cDNAs from two cell types to bound oligonucleotides or cDNAs can
be performed, and the resulting pattern of hybridization can be interpreted to reveal genes
expressed in both cell types or genes that are differentially expressed between the two
cell types (1). These technologies provide substantial promise for more sensitive detec-
tion of differentially regulated genes and offer the important advantage that differen-
tially expressed genes can be identified immediately. Their optimal application, however,
requires the availability of arrays corresponding to the appropriate cell type being ana-
lyzed and the availability of significant amounts of mRNA from which to make the la-
beled cDNA probes. Either of these requirements can constitute a significant limitation
in the applicability of the method.

Another approach to global analysis of gene expression, one which increasingly is
being used in concert with cDNA microarrays (2), is the use of high-resolution, two-
dimensional polyacrylamide protein gel electrophoresis (2D-PAGE) coupled to a sys-
tem for computer-assisted gel image analysis. Molecular changes can at times be observed
by 2D-PAGE where other methods of analyses fail, and 2D-PAGE can reveal signifi-
cant effects of gene mutations on the expression of other gene products in the cell (3,
4). Thus, 2D-PAGE provides a powerful means of detecting gene products that undergo
changes in expression.

3. HIGH-RESOLUTION 2D-PAGE

High-resolution 2D-PAGE can resolve up to 2000 individual polypeptides on a single
gel, and as many as 1600 of these may be of suitable intensity and quality to permit
accurate quantitation (5–8). Additional proteins can be detected and resolved using
“zoom-in” gels (9, 10). For the preimplantation mouse embryo, the rates of synthesis of
approximately 1200 polypeptides were followed from fertilization through the blasto-
cyst stage (11, 12). High-quality gel images with a large number of well-resolved spots
can be obtained with a small number of embryos (11) or granulosa cells (13), making this
technique ideal for the study of preimplantation embryos, oocytes, or oocyte-associated
granulosa cells. These gel images can be obtained for any number of stages or experi-
mental treatments, entered into a cumulative computerized database, and the patterns
of expression of proteins monitored through an almost limitless number of samples and
experiments. This provides the ability to accumulate a large amount of information about
the regulation of expression of the analyzed proteins as well as detailed knowledge of
the cellular states of early embryos, oocytes, or oocyte-associated granulosa cells, such
as cumulus cells.

Proteins detected within the 2D-PAGE gels can be identified through the inspection
of size and isoelectric point in suitably calibrated gels and through such techniques as
immunoprecipitation and immunodepletion (12), Western blotting (14), and sensitive
methods for high-throughput mass spectrometry, coupled to expressed sequence tag and
other genome sequence databases (2, 15–23). For studies of embryos and oocytes, the
amount of material and labor required to identify systematically proteins within the 2D
gel profile may limit the number of protein spots for which specific identities are estab-
lished. It is possible, however, that as new and more sensitive methods are developed,
the ability to obtain sequence information or spot identities for gels of early embryo
proteins will be achieved. In addition, because comparisons of embryonic protein gel
profiles to gel profiles for other cell types may reveal protein identities, as proteomic
databases are developed for more cell types and species, it may become possible to as-
sign protein identities through comparative image analysis.



TWO-DIMENSIONAL PROTEIN GEL DATABASE ANALYSIS 249

4. 2D-PAGE AND DEVELOPMENT

Even in the absence of known identities for the majority of protein spots, however, the
2D-PAGE approach offers a powerful method for detecting proteins with developmen-
tally regulated patterns of expression, detecting patterns of expression that respond to
specific experimental manipulations, and for identifying groups of coordinately regu-
lated proteins through the application of cluster analysis (8). This allows the investiga-
tor to identify novel arrays of molecular markers that can then be used in a manner
reminiscent of the marker gene approach. Thus, even though the formal identities of
the regulated proteins may not be known, their developmental properties nevertheless
are clearly revealed by their expression patterns, making them suitable markers for
experimental purposes. The ability to obtain quantitative data about the effects of a given
treatment on the expression of a large number of regulated proteins provides more in-
depth and informative results than can be achieved through the examination of one or
few marker genes, and in fact can reveal how genetic polymorphisms in a single gene
can affect the expression of multiple proteins. Because expression data are cumulative
within the protein database, especially notable proteins will, over time, become evident,
and proteins can be identified. In this way, the 2D-PAGE approach allows a global
approach to evaluating biochemically cellular responses to specific manipulations, com-
bined with the long-term pay-off of identifying specific gene products that exhibit bio-
logically interesting patterns of expression, and can then be used for additional detailed
studies.

5. APPLICATION OF 2D-PAGE TO STUDY EMBRYO
PROTEIN PATTERNS

In general, 2D-PAGE has been applied to early mammalian embryos through the analysis
of radiolabeled proteins after incubating embryos briefly with radiolabeled amino acids
(11–13). Although hundreds or even thousands of embryos may be required to visual-
ize cellular proteins by methods such as silver staining, only one or two dozen embryos
may be required to obtain the necessary amount of radiolabeled protein to permit 1000
or more polypeptide spots to be visualized.

Embryos, oocytes, or oocyte-associated granulosa cells are cultured for a brief pe-
riod (e.g., 1–3 h) in a high concentration of radiolabeled amino acid. The cells are then
washed briefly in a protein-free medium or PBS and then lysed in buffer containing a
reducing agent and a low concentration of SDS to denature proteins rapidly and disso-
ciate protein complexes. The proteins are then resolved on isoelectric focusing (IEF)
tube-gels and electrophoresed in a second dimension through a standard SDS PAGE
gel (24). Each polypeptide migrates to a standard position within the second-dimension
gel that is dictated by the combination of its isoelectric point and its molecular mass.
This most common type of 2D-PAGE can be augmented through the use of nonequi-
librium isoelectric focusing gels in the first dimension (14), which permit the visual-
ization of more basic proteins. The proteins thus separated are detected either by
fluorography using X-ray film followed by scanning densitometry or by using a
phosphorimaging device (25).

Once images of the gels are acquired, a software program (5, 26) can be used to as-
semble the images into a protein database. A protein database consists of one or more
gel images, matched to each other so that the expression of each polypeptide can be
followed from gel to gel. Gels that have been matched to one another constitute a matchset
(5). It is useful to organize matchsets to address specific experimental questions, rather
than including a diverse array of gels within a given matchset. For example, matchsets
can represent a series of samples collected at progressive times during development, a
series of gels from samples in which the embryos or cells were treated in specific ways,
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or sets of gels in which proteins were isolated from specific subcellular compartments.
Multiple experiments (i.e., matchsets) can then be linked to one another to form higher
order matchsets and thus allow expression patterns to be followed between experi-
ments as well as within experiments. This allows a wide variety of data to be collected
for the analyzed proteins, and these data are then cumulative within the database. An
artificial gel image can be created in which the positions of all spots detected in all
gels of all experiments in the gel collection are marked. This standard or reference
image then serves as a map for matching and tracking expression data for each polypep-
tide. The database can also include information about the individual experiments,
samples, annotations of proteins including identities, isoelectric point, molecular mass,
subcellular localization, and interesting attributes of protein expression. Recently, with
the advent of proteomics, spot annotation provides a useful means to link 2D gels to
expressed sequence tag and other genome sequence databases, thus allowing a com-
prehensive database to be developed.

6. TROUBLESHOOTING AND COMMON PROBLEMS

To apply 2D-PAGE to embryos, it is essential to obtain an adequate amount of incorpo-
rated radiolabel for analysis. In our earlier studies of mouse embryos, between 5 × 105

and 1 × 106 dpm was preferred per gel, with each embryo incorporating approximately
3 × 104 dpm. Although some gel images were obtained with less material, this required
long exposure times using fluorography of 6 months or more. With the advent of
phosphorimaging, we found that, although exposures can be obtained within a matter
of days, suitable gels with a large number of detected spots require at least 2 × 106 dpm.
Because samples of cells lysed in dSDS are lyophilized and resolubilized in an equal vol-
ume of sample buffer before IEF, the sample can not be concentrated, so it is important to
lyse the embryos, oocytes, or cells in a volume that contains 2 × 106 dpm in 15 ml or less.

One must be careful not to exceed the protein-resolving capacity of the gel. For high-
resolution analyses, thin analytical IEF gels are preferred, and these can only accept up
to 10 mg of total protein (24). Because of the small size of oocytes and embryos, this is
generally of no concern, but for cultured cells, efficient labeling is essential to avoid
overloading the gel.

We have observed on occasion that, although a sufficient number of acid-precipitable
disintegrations per minute is loaded to a gel, for some samples few or no spots may be
detected. This most likely is the result of protein degradation or insufficient solubiliza-
tion. It is essential to test each batch of dSDS and DNAse/RNAse solutions to ensure
proper solubilization, nucleic acid digestion, and maintenance of protein integrity be-
fore using them for valuable experiments. For samples of embryos, culture conditions
must support efficient uptake and incorporation of radiolabel. For cultured cells, it is
essential that rapid and efficient solubilization and efficient DNase and RNase diges-
tion be achieved; a noticeable decrease in sample viscosity should occur within a short
time of DNase/RNase treatment on ice. Additional dSDS can be added if solubilization
appears incomplete, and the DNase/RNase digestion can be prolonged if needed. It is
also essential that no solutions containing urea be heated above 37°C.

Inconsistent or insufficient resolution of proteins on the IEF gel can occur. Substan-
tial differences between gel runs in the resolution of proteins will prevent efficient
matching of gel images. This can usually be overcome by changing ampholines or by
using mixtures of ampholines. It is also important to apply consistent voltage and run
times. Occasionally, IEF gels may break during removal from the IEF tubes. An expe-
rienced operator can often reassemble the IEF fragments when running the second di-
mension. However, a significant gap between the gel ends will prevent accurate matching
of the gel images. IEF gels can also become folded when loading onto the second di-
mension. If this cannot be corrected, the gel will not be useful for analysis in a matchset.
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7. CONCLUSION

As the ongoing genome initiatives progress, the field of proteomics should also con-
tinue to expand by establishing the identities of protein spots in a variety of cell and
tissue types from a range of species, and the two areas of data collection should even-
tually come together so that detailed data for protein expression becomes linked to
gene mapping and sequence data. Beyond the simple matching of expression patterns
to gene sequence, however, it will be of great value to understand relationships
between coordinately regulated genes and how such coordinately regulated genes
work together to produce defined phenotypes in response to specific stimuli. Although
DNA microarray technologies will reveal coordinate expression at the mRNA
level, such approaches will not provide data at the level of protein expression or post-
translational modifications, which are critical for determining the actual expression
of the gene activity. Thus, global analyses undertaken using 2D-PAGE and databases
as outlined in Protocols 16.1–16.4 housing the protein expression data should ulti-
mately play an important role in the overall objective of assigning functions to newly
identified genes.

Given the already well-documented power of combining 2D-PAGE with the use of
other tools such as cDNA microarrays and genomic sequence databases, the applica-
tion of 2D-PAGE analyses and database construction should not be viewed simply as a
means to reach an immediate, short-term experimental objective, but rather as an in-
vestment toward the day when improved methods for protein spot identification will
allow proteomic and genomic data to be incorporated into our specific embryo or oo-
cyte databases and thus help us understand the mechanisms that underlie oogenesis and
early embryogenesis. In the meantime, 2D-PAGE remains an valuable method of gain-
ing insight into the molecular changes occurring within cells during normal develop-
ment or in response to experimental manipulations and continues to offer the important
advantage that it can be applied to very small amounts of material to which studies of
oocyte, embryos, and granulosa cells are limited while yielding data for 1000 or more
gene products.

Protocol 16.1. Sample labeling and lysis

1. Label preimplantation embryos, oocytes, or oocyte-associated granulosa cells
in a suitable culture medium (e.g., CZB or Whitten’s medium for embryos,
or Whitten’s embryo culture medium supplemented with 1 mg/ml polyvinyl
pyrrolidone for developing oocytes or oocyte-associated cells) containing 1 mCi/
ml of high specific activity, isotopically labeled amino acid.

2. Although mixtures of labeled amino acids can be used, we have generally used
35S-methionine (~1000 Ci/mmol or greater) alone for labeling cells. This elimi-
nates possible effects of variation in amino acid composition of labeled mixtures
or effects related to differences in amino acid uptake.

3. After labeling, wash the cells once in PBS containing 0.4% PVP (molecular mass
~ 300,000).

4. Separate oocytes from cumulus cells by drawing the oocyte–cumulus cell com-
plexes in and out of a micropipette with a diameter slightly smaller than that of
the oocyte. The shearing action strips the cumulus cells off the oocytes.

5. Collect oocytes for analysis or discard. Pellet cumulus cells by centrifugation and
resuspend in a small volume of lysis buffer. Remove cumulus cells from ovu-
lated oocytes or embryos by treatment with hyaluronidase (50–100 U/ml, ~800
U/mg, Sigma, St. Louis, MO).

6. Collect oocytes and/or embryos in a minimal volume of PBS and transfer to a
suitable volume (typically 20–40 ml) of dSDS lysis buffer preheated to 100°C in
a boiling water bath, and then heated at 100°C for an additional 30 s.
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7. Place the samples on ice for 1 min. Add one-tenth volume of DNase/RNase mix-
ture and digest the sample for 1 min on ice. Freeze samples in liquid nitrogen and
store at –70°C.

dSDS lysis buffer (100 ml)

0.3 g SDS
1.0 ml b-mercaptoethanol
0.44 g Tris-HCl
0.265 g Tris-base

Final composition: 0.3% SDS, 1% BME, 50 mM Tris, pH 8.0. Store at –70°C in small
aliquots.

DNase/RNase mixture (5 ml)

5.0 mg DNase I (Worthington Biochemical [Lakewood, NJ], code DPFF)
2.5 mg DNase A (Worthington, code RASE)
1.585 ml 1.5 M Tris-HCl
0.08 ml 1.5 M Tris-base
0.25 ml 1.0 M MgCl2

2.96 ml Water

pH should be 7.0. Freeze in 50-ml aliquots at –70°C.

Protocol 16.2. 2D-PAGE

• Sample preparation and 2D-PAGE are performed exactly as described (24). In our
studies, we have obtained high-quality gels from the gel laboratory at Cold Spring
Harbor Laboratory (Cold Spring Harbor, NY) (11–13, 27).

• High-resolution gels can also be obtained by using a suitable commercially avail-
able apparatus that offers gel formats of approximately 20 × 20 cm. Other inves-
tigators have used larger gel formats successfully (28).

• “Zoom-in” gels, or the use of multiple, overlapping gels of more narrow pH range,
can be used to increase the number of spots detected.

• The choice of ampholine and pH range to be incorporated in the IEF gel is impor-
tant. A comparatively narrow range (e.g., pH 4.0–8.0) will produce enhanced reso-
lution of spots within that range, but limits the number of spots that will be resolved
as compared with a broader range (e.g., pH 3.5–10).

• A mixture of ampholines can be used to enhance resolution within a broad range.
It is recommended that test gels be obtained for different combinations of
ampholines and examined carefully to ascertain which combination and propor-
tions of ampholines provide the most useful resolution for the specific cell type in
question.

• Stringent quality control of electrophoresis reagents is necessary to ensure maxi-
mum reproducibility within gel runs, between gel runs, and over prolonged peri-
ods of time.

• Ideally, a set of gel reagents that produce optimum results is obtained in sufficient
quantity to permit many gel runs. It is recommended that a standard gel be ob-
tained from a readily available cell type and that whenever reagents are changed,
a new sample of that cell type be electrophoresed and the new gels compared to
the standard gel to ensure reproducibility of protein mobility.

• A list of commercial suppliers of gel reagents that have been successful for our
gels is given below.
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Sources of gel reagents

Protocol 16.3. Gel imaging

• Gel imaging is accomplished either by densitometric analysis of fluorographs or
by phosphorimaging.

• Use of fluorography requires multiple exposures to be collected, due to the lim-
ited dynamic range of X-ray film. Shorter exposures thus permit quantitation of
spots that are saturated on longer exposures. Exposure times for longest exposures
can be 1 month or more.

• Phosphorimaging avoids the need for fluorographic enhancement of gels, offers a
broad dynamic range, and can produce well-exposed images in as little as 3 days,
with some increase in sensitivity with exposures of up to 7 days. Shorter phos-
phorimager exposures can also be collected if needed to quantify intense spots.

Protocol 16.4. Data analysis of 2D-PAGE images

The first step to analyzing 2D-PAGE images is to process the gel images for spot detec-
tion and quantitation. A merging step can be used to access quantitative data from
multiple exposures to quantify intense spots as needed. Crop to select a common area
of the gels for analysis. Gaussian modeling and other algorithms for subtraction of back-
ground (e.g., horizontal or vertical streaks, or “salt and pepper” background) can be used
to create a synthetic image for each gel, to identify spot peaks, and to account for spot
overlap in the quantification of individual spots (Figure P16.1). Depending on the pa-
rameters selected, some apparent spots visible to the eye may fall below the selected
level of sensitivity. Other spots may be well separated from neighboring spots on some
gels, but not others. Ideally, the analysis software permits manual editing to be used to
resolve these deficiencies.

An additional part of spot quantitation that can be used if desired involves calibra-
tion of the gels to enable conversion of densitometric or phosphorimager units to more
standard units, such as disintegrations per minute. Calibration strips, consisting of a series
of gel segments containing known amounts and densities of 35S, have been exposed
alongside the gels for this purpose (24). Calibration chips of 14C, for which the corre-
spondence of imaging units for the chip to defined densities of 35S has been empirically
determined, can also be used (25). Alternatively, small paper disks containing small
amounts of 35S can be imaged by phosphorimaging with the gel and then quantified by

Reagent Source

Acrylamide (30%), bisacrylamide (0.8%) Genomic Systems (Ann Arbor, MI)
(solution)

Ammonium persulfate Genomic Systems
Temed Genomic Systems
Tris-HCl Genomic Systems
SDS Genomic Systems
SDS/Tris/Glycine running buffer Genomic Systems
Urea Genomic Systems
Tris base Sigma, St. Louis, MO
Igepal-630 (replaces NP-40) Sigma
NaOH Mallinkrodt (Hazelwood, MO)
Phosphoric acid Millipore (Bedford, MA)
Acrylamide, bisacrylamide (powders) Bio-Rad (Hercules, CA)
Dithiothreitol Calbiochem (San Diego, CA)
Ampholine Amersham Pharmacia Biotech (Piscataway, NJ)
Resolyte (ampholine), pH 3.5–10.0 British Drug House, Cater Chemicals (Bensenville, IL)
Ampholyte, pH 5–6 Crescent Chemical (Hauppauge, NY)
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liquid scintillation counting at the end of the exposure. If the total number of acid-
precipitable disintegrations per minute (i.e., incorporated radiolabel) loaded on each gel
is known, then the disintegration per minute values for individual spots can be converted
to units of parts per million to permit comparisons across a wide variety of gels with
differing amounts of radiolabeled material applied (24).

The second step to analyzing 2D-PAGE data from multiple samples is to match the
gel images to one another. A number of programs exist that permit this type of match-
ing (see below). In general, the first step for comparing samples is to match proteins
that are expressed in common in all gels in the matchset, which are known as “land-
mark proteins.” Typically, several hundred of these landmarks will be entered. Match-
ing algorithms then examine the spatial relationships between spots neighboring the
landmarked spots, and this matching can be propagated for a certain distance with con-
fidence. A larger number of landmarks improves the accuracy of automated matching.
However, incorrectly landmarked spots will produce undesired effects, so only spots
that are clearly the same on all gels should be selected as landmarks. The accuracy of
the automated matching will depend on such features as the spacing of landmarks, de-
gree of distortion in the gel, degree of resolution of individual spots, spot density in a
given area, and whether specific spots are detectable in the selected standard gel. As a
result, a number of spots typically remain unmatched or partially matched only between
some gel images, and some spots may be matched incorrectly. Therefore, it is neces-
sary to examine carefully all spot matches and correct or complete the matching as
needed. In some cases, this can involve refinement of spot combining. It is important
that consistency be applied throughout the gels to be analyzed during manual matching
and editing of spots. It is also important to confine the analysis of the gels to a common
area that encompasses a region in which spots are well resolved and detected on all of
the gels being analyzed, while excluding regions, most notably gel margins, in which
spots are less reproducibly resolved.

The selection of the appropriate gel image to serve as the standard or reference gel is
important. This is the gel image from which a synthetic image is created; the positions
of all spots in all gels are defined. Typically, for a single matchset experiment, the stan-
dard gel selected is often the one that appears to have the largest number of resolved
spots. If an investigator plans to construct a database containing many linked matchsets,
it is useful to select a cell type or condition to serve as a standard that is expected to
resemble closely the gels that will be produced for each individual experiment or
matchset. Because higher-order matchsets are created by matching standard gels from

Figure P16.1. Representative two-dimensional PAGE images produced for analysis. (A) Raw
scanned image produced by phosphorimaging of a gel of 16-day-old cumulus cells labeled in
vitro. (B) Synthetic image of the same gel after background subtraction.
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individual matchsets, including a specific cell type or condition as a constant in all ex-
periments can be useful. This common cell type can serve as the standard gel for each
individual matchset, and then matching these individual standard gels within the higher
order matchset becomes easier, as all the gels are from a common cell type. Alterna-
tively, a single, common gel image can be incorporated as a member into each matchset.
For cases where very dissimilar cell types are to be compared, a gel receiving a mixture
of lysates can be used to produce a standard gel to which either cell type can be matched
efficiently.

After matching, spot intensity values can be normalized to correct for variations be-
tween gels. Although it is possible to normalize to the total number of acid-precipitable
disintegrations per minute loaded to each gel, imprecision in measuring applied disin-
tegrations per minute, variation in the amount of material entering each gel, and other
factors may make this first level of normalization insufficient for detailed quantitative
analysis. Two alternative approaches can be taken. One approach is to normalize to the
total number of disintegrations per minute in all of the spots detected and analyzed.
Another method is to identify a large set of constitutively expressed proteins and nor-
malize to the total activity contained within that set of spots.

Options for quantitative analyses to identify spots with altered levels of expression
among a set of gels includes pairwise comparisons between gel images. Such compari-
sons enable the investigator to create “spot sets” and then find overlap between sets. In
this way, spots that change reproducibly by a specified amount between two or more
conditions can be identified. A more detailed approach to analysis is to export the data
for all fully matched spots into a spreadsheet program, such as Microsoft Excel, in which
additional options for mathematical calculations exist for analysis, such as spot normal-
ization (as described above), comparing mean spot values, creating spots sets, sorting
of spots within spot sets by ratio of expression differences, and graphical representa-
tion of differences in expression for individual spots or for spot sets. By assigning each
polypeptide a specific numerical identifier (standard spot number) from the standard
gel, the developmentally regulated proteins identified through the more extensive spread-
sheet analysis can be located in the standard gel map and annotated appropriately.

Another method of analysis that can be adopted is the use of cluster analysis to iden-
tify sets of coordinately regulated spots (8). Cluster analysis can be useful for discover-
ing patterns of changes in expression that are not immediately apparent through simple
pairwise gel comparisons (11, 12).

Once sets of regulated spots have been identified by one of the above methods, it is
useful to reexamine the gel images to confirm that the spots thus identified are indeed
differentially expressed. The spots are reexamined to ensure that they are well-resolved
spots of high quality and density and that they are correctly matched. In the process,
spots exhibiting valid differences can be entered into the database as spot sets, and that
information can be accessed via spot annotation records.

One concern for accurate analysis of changes in protein synthesis detected by 2D-
PAGE is to be certain that specific changes are reproducible. A small percentage of spots
can exhibit significant changes in apparent intensity between gels of identical samples,
or even between gels of the same sample (7). Therefore, it is essential that two or more
gels representing two or more samples of a given cell type or condition be obtained.
Although a greater number of gels is beneficial, the overall number of conditions to be
tested, the cost and labor associated with obtaining the gels, and the eventual size of
image matchsets to be processed must be taken into account. We have found that it is
cumbersome to work with matchsets of more than 30 gel images. If necessary, how-
ever, this can be overcome by dividing the images into smaller matchsets that are then
linked into higher order matchsets.

We have worked extensively with the PD-Quest program, initially supplied by Pro-
tein Database, Inc., and most recently by Bio-Rad. This program was formerly avail-
able on a Unix platform, but currently is supported on Macintosh or PC platforms only.
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The program is useful for performing basic operations of spot detection and quantitation,
calibration, matching, and editing. A large, high-resolution monitor (19" or larger) with
a flat, low-glare screen is essential to permit the display and matching of large matchsets.
Substantial disk storage space is required to store the gel images for a number of ex-
periments. Each raw gel image may be approximately 10 MB in size, and several cop-
ies of each image may be made during the course of cropping, background subtraction,
and spot detection, for a total of 40 MB or more for each gel image. Similarly, a gener-
ous allotment of RAM (512 MB or greater) is helpful to permit many gel images to be
processed in batches for such operations as spot detection and for working with large
numbers of gel images during matching. A high processor speed is highly advantageous
to minimize the time required for matching calculations.

A suitable mechanism for image and matchset file backup and for long-term archiving
is essential. It is recommended that a backup copy of matchset data be prepared weekly
at minimum, preferably daily, and at least duplicate archive copies of completed match-
sets maintained. A variety of phosphorimagers are available commercially. We prefer
to have at least 100 mm resolution and the broadest linear range (e.g., four logarithms)
available.
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1. STRATEGIES FOR TARGETING GENE EXPRESSION

Development of techniques such as reverse transcription-polymerase chain reaction (RT-
PCR), differential display RT-PCR, and, more recently, the use of gene-array chips has
allowed a number of developmentally regulated gene products within the preimplanta-
tion embryo to be identified and characterized. Many of these gene products are involved
in cell adhesion (1–10), inter- and intracellular signaling (11–19), cell cycle regulation
(20–23), autocrine regulation (24–36), embryo metabolism (37–46), and ion transport
(47–56). Despite extensive investigation of the timing of mRNA and protein expres-
sion of these gene products, there have been few studies examining the effect of dis-
rupting the expression of a given gene. Most studies investigating gene function within
somatic cells and preimplantation embryos have used one or two means of disrupting
gene expression: antigene strategies or anti-mRNA strategies.

1.1 Antigene Strategies

A variety of strategies have been developed to interfere with expression at the level of
the gene, including (1) synthetic oligodeoxynucleotides that bind to double-stranded
(ds) DNA to generate triple-stranded DNA, thus preventing unwindase activity and/or
transcription factor binding (57–61), (2) DNA decoy sequences meant to compete with
the intact DNA template for transcription factor binding (62–66), (3) natural DNA bind-
ing molecules (e.g., polyamides and lexitropsins) to bind specific bases in the minor
groove of dsDNA (67–69), and (4) physical disruption of the gene by gene targeting
using homologous recombination to generate a gene null mutation in “knock-out” ani-
mals (70–72).

Homologous recombination is an effective means of ablating the expression of a gene
of interest and has been used extensively to address the developmental implications of
lost expression of a large number of genes. Generation and analysis of the phenotype of
a null mutation has in some cases indicated that a given gene is not required for suc-
cessful preimplantation development. In some cases, such as for gap junction proteins
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(73) and b-catenin (74), functional redundancy between related proteins appears to
compensate for lost function of a gene early in development. This approach has also
resulted in the discovery of other genes having a key role in pre-/peri-implantation de-
velopment (75–79). The generation of knock-out animals, however, is time consum-
ing, expensive, and, as yet, not an efficient method for application to domestic animal
models of early embryo development. Given these constraints, screening of a particular
cell type or system for the importance of a given gene product is often more efficiently
accomplished by using anti-mRNA strategies.

1.2 Anti-mRNA Strategies

Anti-mRNA strategies involve silencing a gene through destabilization of its mRNA
template and include (1) the use of decoy oligonucleotides to provide an alternative
binding site for protein-stabilizing elements, generally by interacting with a given mRNA
(80, 81); (2) introduction of dsRNA molecules to produce gene-specific dsRNA (82–
89); and (3) the use of antisense (reverse complement) nucleic acid sequences designed
to duplex with mRNA and which can possess cleaving activity (90–94). The latter
approach includes the use of synthetic antisense oligodeoxynucleotides, ribozymes,
hammerhead ribozymes (95–99), hairpin ribozymes (100–103), and DNAzymes (93,
104–106). These methods are attractive because mRNA is easily accessible, and while
inhibition is rarely complete, there is generally sufficient attenuation of gene expres-
sion to illuminate the gene product’s role. Antisense methodologies using both antisense
oligodeoxynucleotides (51, 107–125) and dsRNA (RNAi have been applied to investi-
gate gene function during murine preimplantation development (85, 89). Antisense strat-
egies also provide a valuable tool for determining interactions between two or more gene
products, either in conjunction with established knock-out lines (108) or through simul-
taneous application of multiple antisense probes.

The purpose of this chapter is to review the potential application of antisense strate-
gies to the analysis of gene function during preimplantation development in laboratory
as well as in agricultural species. We discuss design and modifications of antisense oli-
gonucleotides, methods for delivery of oligonucleotides within the preimplantation
embryo, and experimental design and controls for successful antisense experiments.

2. ANTISENSE OLIGONUCLEOTIDE DESIGN AND SELECTION

Targeted downregulation of gene expression by using exogenous nucleic acids was first
accomplished in cell-free systems in 1977 (126). Subsequent experiments demonstrated
that in vitro viral replication could be inhibited by short antisense DNA sequences (127).
These and other early experiments paved the way for substantial advances in the utili-
zation of synthetic nucleotide sequences to modify gene expression in eukaryotes.

A key consideration for the application of antisense oligonucleotides is the design of
antisense probes specific to the mRNA sequence of interest. In general, oligodeoxy-
nucleotides have the potential for wider application than oligoribonucleotides because
they are more stable (128). Although it is relatively easy to impart template specificity
to nucleotide sequences, the efficacy with which a given sequence will decrease gene
expression depends on mRNA secondary structures and the targeted region of the oli-
gonucleotide within the mRNA sequence in relation to the functional domains of the
protein. Oligonucleotide sequences of 15 nucleotides have been estimated to be suffi-
cient to impart template specificity (129), although most published studies have used
sequences ranging from 15 to 25 nucleotides. Strategies for selecting effective antisense
oligonucleotides have been the subject of several review articles (130–133). In addi-
tion, an increasing number of companies offer custom antisense oligonucleotide design
and synthesis. A quick search of the Internet web sites yields several options for antisense
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oligonucleotide design and synthesis. In addition to custom oligonucleotide design, some
companies specializing in antisense technology now offer a catalogue of tested antisense
oligonucleotides to selected gene targets. Before designing an oligonucleotide for ex-
periments applied to preimplantation embryos, it is advantageous to search available
commercial sources and published somatic cell studies for oligonucleotides directed
against the target gene. Using previously tested oligonucleotides for embryo antisense
experiments can greatly increase the efficiency of gene function characterization.

Another important consideration in oligonucleotide selection is the modifications of
the nucleotides within the oligonucleotide sequences. Unmodified oligonucleotides are
effective templates for RNase H-mediated RNA/DNA duplex cleavage; however, their
susceptibility to endo- and exonuclease activity present in serum and within the cell (134,
135) limits their effectiveness. In an effort to increase stability, a number of modifications
to the sugar backbone of nucleic acids have been made to impart greater nuclease resis-
tance (137), although most 2'-sugar modifications prohibit RNase H activity. The most
widely used modified oligonucleotides are the phosphorothioate oligodeoxynucleotides
(sODNs); this modification not only imparts resistance to nuclease activity, but is also an
effective substrate for RNase H-mediated cleavage of duplexed RNA/DNA (138–140).
These oligos also have the advantage of downregulating gene expression using oligonucle-
otide concentrations often as low as 30 nM when used in combination with methods to
enhance oligonucleotide uptake (141). Phosphorothioates are also reported to be less toxic
than other modified oligonucleotides. A drawback of sODNs arises from their high affin-
ity with various cellular proteins (142, 143) and inhibition of DNA polymerases and RNase
H at high intracellular concentrations (130), resulting in nonspecific effects. More recently,
morpholino oligonucleotides, which act via RNase H-independent mechanisms, have been
generated and have the advantage of being relatively inexpensive and often more effec-
tive than standard phosphorothioate oligonucleotides (144–148).

3. OLIGODEOXYNUCLEOTIDE DELIVERY
IN PREIMPLANTATION EMBRYOS

The majority of antisense experiments published for mouse embryos have generally not
used a specific agent to mediate uptake of oligonucleotides (109–111, 113, 114, 116,
117, 120, 121), relying on cellular mechanisms leading to the uptake of charged nucle-
otides (149). The ability of murine preimplantation embryos to take up oligonucleotides
from the culture medium was first demonstrated by Rappolee et al. (121). More recent
experiments have used lysolecithin (51,108), Lipofectin (115), or Lipofectamine (112)
to enhance uptake of oligonucleotides by the embryo.

The first report of lysolecithin (L-a-lysophosphatidylcholine) permeabilization in
preimplantation embryos came from Dr. Armant’s laboratory at Wayne State University
(150). In this study morulae were treated with 0.05% lysolecithin for 2 min to mediate
uptake of inositol triphosphate (IP3) and a-amanitin. Measurements of Ca2+ release from
intracellular stores after exposure to external IP3 demonstrated that during incubation
in the presence of lysolecithin and IP3, Ca2+-fluorescence was observed after 60 s and
reached a maximum after 85 s. They were further able to demonstrate that lysolecithin-
permeabilized morulae demonstrated increased permeability for up to 2 h after treat-
ment. Lower concentrations of lysolecithin (0.001%) have been used over the same time
interval in murine (51) and bovine (151) cleavage-stage embryos, as well as for longer
time intervals (0.01% for 30 min [108]. In our experience, concentrations > 0.001–
0.005% are generally toxic to murine four-cell embryos. The apparent difference in
sensitivity of embryonic stages to a 2-min permeabilization with lysolecithin suggests
either embryo stage-specific sensitivity to permeabilization or variability between dif-
ferent preparations of lysolecithin. These observations highlight the importance of de-
termining the highest concentration of lysolecithin that can be tolerated by staged
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embryos for each vial of lysolecithin and ensuring that all subsequent lysolecithin prepa-
rations are made by diluting aliquots of a single starting stock solution in order to re-
duce variability. It is also critical to include a control group not treated with lysolecithin,
as variation in embryo quality among different pools of embryos may reflect variations
in their sensitivity to permeabilization.

A number of products have been designed to mediate transfection of somatic cell
cultures with foreign nucleotide sequences. Again, it is important in preimplantation
studies to determine the range of tolerance of the embryo. It is also useful to determine
an optimal ratio between lipid and oligonucleotide for increased efficiency of transfec-
tion. MacPhee et al. (115) reported the effects of antisense ODNs directed against the
b1 subunit of the Na/K-ATPase in murine embryos. Onset of cavitation was delayed
and overall blastocyst diameter was decreased in embryos treated with 0.5 mM antisense
ODNs for 5 h using 0.25 mg/ml Lipofectin (Invitrogen). Lipofectamine (Invitrogen,
Burlington, ON) has also been used successfully to introduce antisense oligonucleotides
into mouse preimplantation embryos (112). In this study, antisense ODNs directed against
heat shock protein (hsp)70-1/hsp70-3 (2.5–10 mM ODN) were conjugated with a 1:100
dilution of Lipofectamine for 30 min followed by transfection of the embryos for 2 h.
Many transfection agents come with a suggested protocol for transfection and gener-
ally require a preincubation period for complexing the product with the oligonucleotide
before treatment of the cells.

4. ANTISENSE OLIGONUCLEOTIDE DISRUPTION
OF GENE EXPRESSION IN MAMMALIAN
PREIMPLANTATION EMBRYOS

Protocol 17.1 is a standard starting protocol for antisense oligonucleotide treatment of
embryos using lysolecithin for permeabilization, which has been effective in our labo-
ratories. This base protocol may have to be modified to accommodate a given oligo-
nucleotide delivery strategy.

5. ASSESSMENT OF OLIGONUCLEOTIDE UPTAKE
IN PREIMPLANTATION EMBRYOS

To determine whether a chosen antisense oligonucleotide gains access to the embry-
onic blastomeres, we suggest the use of a labeled oligonucleotide (same oligonucleotide
type, generally a nonsense sequence) in conjunction with the oligonucleotide delivery
strategy that will be used (Protocol 17.2). We have used a 21-nucleotide rhodamine-
conjugated phosphorothioate ODN (R-ODN) in conjunction with several antisense oli-
gonucleotide delivery methods in both murine and bovine cleavage-stage embryos to
examine oligonucleotide uptake and nuclear localization. In both mouse and cow em-
bryos, the following strategies have been examined for uptake of R-ODN: no agent;
lysolecithin (L-a-lysophosphatidylcholine, from egg yolk; Sigma, St. Louis, MO);
Lipofectin; Oligofectin G (Sequitur Inc., Natick, MA) and Lipofectamine in the pres-
ence of concentrations of R-ODN from 0 to 100 mM.

6. ANALYSIS OF mRNA DISRUPTION AFTER
ANTISENSE TREATMENT

An important factor in confirming the antisense effect is the determination of disrup-
tion of mRNA expression for the targeted gene. Primer sets for analysis of the targeted
gene should be designed to span the region homologous to the antisense ODN, such
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that semiquantitative analysis of intact mRNA can be made between treatments (51). In
addition, it is important to consider the effect of ODN treatment on alternate isoforms
of the targeted gene, and a housekeeping gene (e.g., actin or a metabolic marker) to
examine nonspecific effects of the ODN within the embryo. To perform semiquantitative
analysis of mRNA expression in mammalian preimplantation embryos, we carry out
extraction of total RNA in the presence of an exogenous template (rabbit g-globin;
Invitrogen ([152, 153]) and reverse transcription using Oligo(dT)18–22 and Superscript
II reverse transcriptase (Invitrogen) using phenol:chloroform extraction of total RNA
from small pools of embryos (36, 154). Wrenzycki et al. (Chapter 13), and De Sousa
et al. (Chapter 14) outline these methods. Analysis of protein expression in both murine
and bovine preimplantation embryos is performed on fixed, whole embryos using con-
focal laser scanning microscopy (3, 47, 49, 51) (Protocol 17.3).

7. SUMMARY AND IMPORTANT CONSIDERATIONS
FOR ANTISENSE EXPERIMENTS IN
PREIMPLANTATION EMBRYOS

Antisense strategies represent a powerful approach for investigating gene function during
preimplantation development. However, using antisense molecules as effective agents
against translation of specific RNAs thought to be important to preimplantation develop-
ment requires considerable optimization. Consequently, each experiment should be de-
signed with necessary controls in mind so that outcomes such as developmental delay,
decreased target mRNA levels, and attenuation of the protein of interest can be interpreted
as an antisense effect and not an effect of general oligonucleotide toxicity. The minimal
experimental design should include a group treated only with the oligonucleotide deliv-
ery system in conjunction with a nontreated control and antisense and nonsense oligo-
nucleotide treatment groups. All conditions, including permeabilization and oligonucleotide
concentration must be determined for each targeting experiment. Generally, multiple oli-
gonucleotides should be designed to each target mRNA and several delivery methods tried
to ensure effective and specific downregulation. The nonsense oligonucleotide should
be composed of the same nucleotide composition as the antisense oligonucleotide in a
scrambled sequence to ensure effects do not stem from DNA toxicity or other nonspecific
influences. It is also helpful to envision a possible phenotype stemming from the deletion
of the target gene, as this will enable the detection of specific effects. If possible, a func-
tional assay should be included so that the effects of the decrease in target protein on the
embryo’s physiological processes can be measured directly (e.g., dye coupling assays,
measured uptake of ions/solutes, or an enzyme assay).

An important consideration for analyzing the effects of antisense oligonucleotides
on embryos in culture is the issue of asynchronous development. In some cases, opti-
mal antisense oligonucleotide effects are seen only when delivered at specific develop-
mental stages, requiring the embryos be meticulously segregated before treatment.
Oligonucleotide effects on morphological stages such as compaction and cavitation can
be masked by asynchronous development, necessitating the use of appropriate controls
as stated above. Oligonucleotides are certainly turned over with time, and thus if long-
term experiments (e.g., >24 h) are conducted, it is necessary to examine oligonucle-
otide uptake and half-life to estimate oligonucleotide replenishment times to ensure
continued inhibition of gene expression. This consideration can be particularly impor-
tant in designing antisense experiments in preimplantation embryos from domestic ani-
mal models because they typically display extended developmental intervals compared
to the murine embryo (in which the majority of antisense experiments have been con-
ducted). Rarely, if ever, is antisense gene ablation complete. Therefore, these strategies
promote downregulation of gene expression and not gene ablation. Estimates suggest
that in some cases target genes can be downregulated by up to 80–90% of their control
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levels. It is likely that this is an extreme level of downregulation and that in most cir-
cumstances the downregulation is not as dramatic and may also be fairly short lived.

Reproducibility between experiments can also be a significant concern. We have
observed variability in the reproducibility of results when using different synthesis
batches of the same oligonucleotide sequences. The reason for this problem is unknown,
but its existence certainly argues for great caution in interpreting results and also in
obtaining large-scale synthesis of effective oligonucleotides that allow for a complete
series of experiments to be conducted with the same oligonucleotide synthesis batch.
However, reproducibility has been observed in the case of the glucose cotransporter
studies (108, 109, 114). Experimental replicates are essential, and reproducibility must
be established before valid conclusions regarding the effective targeting and phenotypic
consequences from downregulating a specific gene transcript can be made.

Targeting specific developmentally regulated RNA transcripts in preimplantation
embryos with antisense oligonucleotides is a powerful and readily available tool. Anti-
sense technology now has the advantage of improved nucleotide stability as well as
modifications for increased binding and functional characteristics. Balanced with these
advantages are the challenges of oligonucleotide uptake, nonspecific effects and toxic-
ity. Despite all these concerns, antisense strategies for targeting gene expression during
preimplantation development are effective and have elucidated the function of many
genes during this developmental interval. The recent application of dsRNA methods
(85, 89) and the prospect of employing morpholino oligonucleotides to target gene ex-
pression in early embryos (156) ensures that this strategy for downregulating gene
expression in early embryos will continue to become more robust and reliable well into
the future. There is a great need to define simple, effective methods for targeting gene
expression in preimplantation embryos, and this need will propel advances in this field.
The aim of this chapter has been to provide the available information on antisense tech-
nology as it has been applied to studies in the mammalian embryogenesis in the hopes
of encouraging further development in this field.

Protocol 17.1. Antisense oligonucleotide disruption of gene expression in
mammalian preimplantation embryos

1. Prepare treatment media using a fresh dilution of lysolecithin stock solution in
embryo culture medium and set up 20–50 ml drops for each treatment. Also pre-
pare the embryo culture drops (10–20 ml +\- final concentration of ODN under
light paraffin oil). Allow all the drops to equilibrate in the incubator that will be
used for embryo culture. Note: Do not cover the lysolecithin drops with paraffin
oil, as lipids will be absorbed by the paraffin oil; culture media should be serum-
free. Also prepare and equilibrate 50–100 ml drops of culture media for each treat-
ment to wash embryos in after transfection.

2. Collect embryos of the appropriate developmental stage and divide into pools for
treatments (generally 20–30 embryos/treatment). In transferring embryos between
drops, try to minimize the volume of medium transferred to less than 2 ml (em-
bryos can be transferred to treatment/culture drops effectively using a 10 ml
Eppendorf pipette set at the desired transfer volume).

3. Permeabilize the embryos with lysolecithin in the presence or absence of each
concentration of ODN for 2 min.

4. Wash the permeabilized embryos in equilibrated culture media and transfer them
(in < 2 ml) to the culture drop.

5. Culture embryos to assess antisense oligonucleotide effects on embryo develop-
ment, protein, and mRNA expression under the desired culture atmosphere. For
long-term cultures, refresh media with oligonucleotides every 24 h by replacing
one-half of culture volume with an equal volume of media containing approxi-
mately 2× final oligonucleotide concentration.
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Protocol 17.2. Assessment of oligonucleotide uptake in preimplantation embryos

1. Prepare for embryo permeabilization, oligonucleotide delivery, and embryo cul-
ture as described in Protocol 17.1.

2. Treat embryos in the presence or absence of tagged ODN at the desired concen-
tration and length of time according to permeabilization strategy.

3. Wash oligonucleotide-treated embryos in fresh equilibrated culture media and
transfer treatment groups to culture drops under oil for embryo culture.

4. Embryo samples for analysis can be collected at the end of oligonucleotide
uptake interval and 24 h post-treatment to determine the cytoplasmic (0 h post-
treatment) and nuclear (24 h post treatment) localization of the tagged ODN.

5. To assess oligonucleotide uptake, the zona pellucida (ZP) should be removed from
the embryo by either acid tyrodes treatment or 1% Pronase treatment. Removal
of the zona is essential because it is often a source of nonspecific binding of the
fluorescent tag. Generally a few seconds in acid tyrodes solution (mice) or 1–2 min
1% Pronase (cow) is sufficient to remove the ZP.

6. Wash zona-free embryos 2× in fresh, equilibrated culture media to ensure zona
pieces are washed away.

7. Transfer zona-free embryos to drops of 40% glycerol or FluoroGuard (antifade
reagent; Bio-Rad, Mississauga, ON) on glass coverslips. Cover with glass cover-
slips and seal edges with nail polish or coverslip sealer.

8. Look for localization of oligonucleotide-induced fluorescence using either UV
light or confocal laser scanning microscopy.

Protocol 17.3. Analysis of antisense effects on protein expression in whole
preimplantation embryos

1. Collect embryos from treatment groups at 12 and 24 h post-treatment and/or treat-
ment endpoint.

2. To fix the embryos for immunofluorescence, transfer the embryos from the treat-
ment drops to 0.5-ml volumes of either 1× PBS or 1× PHEM buffer (2× PHEM:
60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 1 mM MgCl2

.6H2O, pH 6.9 [155])
in a multiwell tissue-culture plate to wash. Transfer the embryo pools to 0.5 ml
of 1:1 buffer:methanol (MeOH) on ice and incubate for 2 min. Transfer the em-
bryos from the 1:1 solution to a 1:2 solution of ice-cold buffer:MeOH for an
additional 2 min before transferring to 100% ice-cold MeOH for 2 min. Remove
the embryos from MeOH and transfer to antibody dilution/wash buffer (buffer +
0.005% Triton X-100 + 0.1 M lysine + 1% normal goat serum for approximately
5 min or until the embryos sink to the bottom of the well. Transfer the fixed
embryos to 0.5 ml of fresh PBS/PHEM buffer in multiwell tissue-culture plates
to wash. Embryos can be used immediately for immunofluorescence or stored
for up to 2 weeks at 4°C. If embryos are to be stored at 4°C, they should be trans-
ferred into 0.5-ml volume of embryo storage buffer (PBS or 1× PHEM + 0.09%
sodium azide) and the dish sealed with Parafilm to prevent buffer evaporation.
Alternatively (depending on the antibody/antigen combination), fixation in
1–2% paraformaldehyde for 30 min to 1 h at room temperature may be preferred.

3. For whole-mount indirect immunofluorescence, remove the embryo pools from
storage buffer and permeabilize/block in blocking buffer (buffer + 0.01% Triton
X-100 + 0.1 M lysine + 1% normal goat serum; approximately 0.1–0.5 ml in well
of glass-welled plate; Pyrex) for 30–45 min at room temperature. Wash the
embryos once with fresh PBS/PHEM buffer. Meanwhile, prepare appropriate
dilution(s) of antibody(s) in antibody dilution/wash buffer and place 30–100 ml
of primary antibody in wells of glass plate for each treatment. Add blocked em-
bryos to the appropriate wells and incubate in primary antibody for 3–4 h at room
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temperature or overnight at 4°C in a humid box. In a multiwell tissue-culture dish,
wash antibody-treated embryos 2 × 10 min in fresh antibody dilution/wash buffer
(0.5 ml/well), followed by a final wash lasting at least 3 h. Dilute the fluorophore-
conjugated secondary antibody in antibody dilution/wash buffer and add 30–100 ml
to clean wells of glass plate and add washed embryos. Incubate embryos with
secondary antibody for 1–2 h at room temperature in a light-proof humid box. In
darkened room, wash embryos 3 × 10 min at room temperature and 1x overnight
at 4°C in antibody dilution/wash buffer (multiwell culture plates covered with
tin foil, 0.5 ml/well).

4. Prepare glass microscope slides by applying spots of nail polish at locations cor-
responding to the 4 corners of the coverslip size to be used to prevent crushing of
embryos. Apply 15–20 ml of antifade reagent (e.g., FluoroGuard; BioRad) to glass
slides and transfer embryos from final wash. Place coverslips over drops and seal
edges with nail polish or coverslip sealer. Store slides in light-proof box at –20°C
until able to examine protein localization patterns by confocal laser scanning
microscopy.
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1. GENE SUBTRACTION TECHNIQUES

Research focused on investigating gene expression is required to better understand the
complex mechanisms that control the formation of specialized tissue and organs during
development. By increasing our current knowledge of the mechanisms controlling the
expression of specific genes, novel approaches to the treatment of human diseases can
be developed. One of the main benefits of studying gene expression in preimplantation
embryos is that the precise nutritional and metabolic needs of the embryo will be de-
fined, and this will lead to greater success in the production of normal offspring follow-
ing embryo culture and embryo transfer. This outcome should also result in the generation
of improved media better suited for human and animal embryo production in vitro.

Generally, the endpoint of gene expression is the production of functionally active
proteins. The study of protein function is essential but is limited by the lack of effective
antibodies and also by the requirement for amino acid sequence information, which limits
investigation to known proteins. To circumvent these problems associated with protein
analysis, the majority of screening methods have been applied at the mRNA transcript
level. The rationale for these techniques is to screen the entire mRNA pool to isolate
and characterize transcripts that display significant variation in the level of expression
between specific cell types. This type of analysis results in the construction of an ex-
pression profile map that becomes associated with the specific tissue of interest and can
be used to identify marker genes expressed during precise physiological events. The
marker genes can also be used for diagnostic purposes. Therefore, targeting the charac-
terization of variations in mRNA pools between specific cell types has become an effi-
cient way to learn more about the cellular pathways that regulate physiological events
in specific tissues or cell types.

Although this is not a strict principle, fluctuations in mRNA levels are often associ-
ated with corresponding variations in protein levels. The presence or absence of a spe-
cific mRNA is generally associated with the presence or absence of the protein in a given
cell or tissue. Deducing the amino acid sequence from the nucleotide sequence of the
candidate mRNA allows for further study at the protein level. In abundant tissues where
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RNA availability is not a limiting factor, Northern blot analysis can be performed to
quantitatively evaluate the mRNA level of candidate genes. However, when the tissue
or cell sample is present in scarce quantities such as preimplantation embryos, methods
that display a much greater sensitivity such as reverse transcription-polymerase chain
reaction (RT-PCR) are required.

This area of research has been a very vigorous one in recent years, and several excit-
ing new approaches have been developed to contrast gene expression in low abundance
mRNA tissues. The differential display method and cDNA library analysis have been
most commonly used to identify differentially expressed genes. Differential display
analysis is a powerful technique using PCR amplification to compare side by side the
banding patterns of cDNAs from several cell types. Since the typical mammalian cell
contains about 10,000–30,000 mRNAs (1, 2), an exhaustive analysis of all the transcripts
would require an extensive series of experiments that would require several sets of PCR
amplifications.

Construction of cDNA libraries and large-scale sequencing on randomly picked clones
is a powerful approach to discover genes (3). A functional gene expression map can be
derived from this type of approach by measuring the relative abundance of each tran-
script by determining the number of times each cDNA is sequenced in the library. This
provides valuable information regarding the relative abundance of each transcript in one
specific tissue. Differentially expressed genes can be isolated by comparing expression
maps derived from distinct cell types. A particular mRNA would be described as differ-
entially expressed if its abundance was significantly greater in one condition versus
another (4).

One of the first adaptations on this approach, the serial analysis of gene expression
(SAGE) method was designed to overcome the time-consuming, large-scale sequenc-
ing of complete cDNAs. This method incorporates enzymatic digestions of the cDNA
library and several ligation steps to produce concatenated small cDNA portions (ex-
pressed sequence tags, ESTs) cloned into plasmids (5). By sequencing the plasmids and
compiling the frequency of each EST found, it is possible to quickly establish an ex-
pression map specific for each tissue. However, the ESTs are very small sequences,
rending their identification difficult, which necessitates the use of complex techniques
to lengthen the sequence. Overall, both approaches are very time consuming, expen-
sive, and do not focus directly on the specific goal of isolating differentially expressed
genes.

Subtracting two cDNA libraries is an efficient way to directly identify differen-
tially expressed genes (6, 7). Standard procedures require up to 5–10 mg of poly A
tail RNA (8). Preimplantation embryos on average contain a nanogram of total RNA,
therefore these requirements would demand the extraction of RNA from tens of thou-
sands of embryos. However, the development of PCR-based amplification has paved
the way to applying these methods to samples as small as 10–100 ng of total RNA
(9). The goal of the subtraction method is to eliminate all the transcripts expressed in
both tissues, leaving only the specific ones behind. This subject is reviewed by
Sagerström et al. (2).

The subtraction is performed by annealing the cDNA pools from the tissue of inter-
est (often referred as the tester or tracer cDNAs) to an excess amount of cDNAs from
the reference tissue to be subtracted (driver). The exceeding ratio of driver cDNAs will
hybridize all the common transcripts, leaving the single-stranded cDNAs specific to the
tissue of interest unhybridized in the sample. The double-stranded cDNAs are gener-
ally eliminated using hydroxyapatite or streptavidin-biotin interaction, thus leaving the
single-stranded specific cDNAs to be cloned to build a subtracted cDNA library or to
be individually used as probes in further screening procedures.

Many protocols are currently available to prepare cDNA or RNA for subtractive
hybridization. Usui et al. (10) described a subtraction method based on directional tag
PCR by cloning the tester and driver in opposite orientation in specific plasmids. Sub-
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traction is conducted by hybridizing single-stranded antisense target RNA with a driver
sense RNA. Hydroxyapatite eliminates the double-stranded RNA pool, leaving the
single-stranded target ready for a PCR amplification step using the tag to prime the
reaction.

To identify the differentially expressed genes, one can rapidly and efficiently apply
the rapid subtraction hybridization (RaSH) method. This method involves the construc-
tion of digested cDNA libraries with specific linkers added to the driver cDNAs, which
allow for PCR amplification. Different linkers are ligated to the tester and digested with
specific restriction enzymes. The tester cDNA pool is annealed to the driver in a ratio of
up to 1:30, respectively. At this point, only the cDNAs specific to the tester are able to
reanneal with their complementary counterparts, producing tester-specific, double-
stranded cDNA that can be cloned because they possess specific restriction sites on both
sides, allowing for a cohesive ligation into the plasmid. Jiang et al. (11) used this tech-
nique to isolate differentially expressed genes in the growth arrest cells of human mela-
noma. A variation of the RaSH technique has been described (12). This method consists
of eliminating the double-stranded templates by enzymatic restriction on an annealed,
circular, single-stranded tester (phagemid) and linear, single-stranded driver derived from
a reverse transcription reaction (first-strand cDNA synthesis). After the digestions, the
remaining circular, single-stranded phagemids are specific to the tester. Transforming
those into bacteria produces a subtracted cDNA library.

Suppression subtractive hybridization (SSH) is one of the recently developed tech-
niques (13). It is completely PCR based and eliminates the step of single-stranded tester
cDNA purification by streptavidin-biotin or hydroxyapatite. When the amount of start-
ing material is limited, double-stranded cDNA of both tester and driver are first synthe-
sized and amplified using Clontech’s (Palo Alto, CA) SMART approach. For cDNA
subtraction, the tester pool is divided in two fractions, and a different adaptor is ligated
to each fractions. An excess of driver cDNA without linkers is denatured and hybrid-
ized with each tester cDNA pool (first hybridization). Both samples are mixed together
with addition of more single-stranded driver (second hybridization). The resulting pool
is a mixture of single stranded, double stranded with only one linker, double stranded
like the original pools, and double stranded with both linkers corresponding to the tester
specific fragments. Filling the ends of the linkers creates the templates to be amplified
by PCR. The adaptors are created so that cDNAs possessing the same adaptor on both
sides will form a hairpin preventing amplification. Only the ones possessing both link-
ers will be amplified exponentially. The resulting PCR product is enriched in tester
specific cDNAs. The products are cloned and characterized to confirm their specificity
by cDNA microarray.

In general, one of the major problems associated with specific cellular characteriza-
tion is sample scarcity. Conventional methods for cDNA libraries are inappropriate
because they require too large an amount of starting material (9). However, a restricted
PCR amplification step before cDNA subtraction has eliminated most of the problems
associated with tissue scarcity.

Many protocols are used for subtraction. Wan et al. (4) reported more than 300 ex-
amples of different subtraction techniques taken from different studies in various fields.
Numerous procedural variations are reported in each publication, and it is up to the user
to choose what will fit best his or her applications.

2. OVERALL METHOD COMPARISONS

The removal of double-stranded common cDNAs is one of the most common protocols
(4). There are some advantages and disadvantages to either hydroxyapatite (HAP) or
biotinylation and streptavidin methods.
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Both biotinylation and HAP are effective methods that ensure the recovery of spe-
cific transcripts. HAP is very efficient but requires more refined conditions for its ap-
plication (2). However, it is not commonly used in combination with cDNA driver. For
successful subtraction, an excess of driver cDNA is needed, and the unannealed, single-
stranded driver cDNAs will pass through the column and will contaminate the tester-
specific, single-stranded cDNAs elution. To prevent this, the use of RNA driver is
recommended as it is used in directional tag PCR subtraction (10). The elution can be
treated by RNase to digest the contaminating driver.

Biotinylation is used for two purposes. When marking the driver molecules, it serves
to remove completely the driver–driver and the driver–tester annealed molecules, leav-
ing only the tester-specific cDNA. The choice of a DNA template is therefore appropri-
ate for subtraction. DNA is not as sensitive to degradation as is RNA and is thus retrieved
more easily. The biotin incorporation is conducted during the cDNA synthesis step or
during the PCR reaction using biotinylated primers (14) or by RNA photobiotinylation.
This last method is not recommended because the biotinylated nucleotides are rare
(1/300 nucleotides) and insoluble in water. There are many ways to construct streptavidin
columns to bind the biotinylated templates, and the method of choice depends on what
is available in the laboratory.

As briefly described, it is today possible to combine PCR amplification of small
samples of RNA for subtraction of cDNA libraries. By using the PCR technology, it is
possible to start with only a few nanograms of total RNA and produce sufficient cDNA
to subtract two specific cell populations (SMART, Clontech). These cDNA pools could
be used as templates in standard subtraction procedures as described above.

The other techniques involve PCR amplification of the cDNAs used for the sub-
traction with a direct elimination of the annealed tester–driver and driver–driver cDNA
populations. The plateau phase of the PCR amplification introduces a bias by skew-
ing the relative abundance of the cDNAs. The Taq polymerases amplify preferentially
smaller fragments, and some DNA secondary structures are more easily processed than
others. Therefore, PCR amplification should only be used when RNA samples are lim-
ited or precious to allow for the application of more classical subtraction hybridiza-
tion methods. RNA quality is essential for a good representation in the cDNA produced.
There are two ways to control RNA quality. First, when a sufficient amount of RNA
is available, it is important to analyze the total RNA on a denaturing agarose gel be-
fore the PCR amplification. Second, it is important to gauge the cDNA synthesis by
amplifying and quantifying a housekeeping or known stable gene expressed in the
sample.

RaSH is a simple technique that only requires a limited amount of starting RNA
material. The PCR amplification is conducted for the synthesis of the cDNA before the
subtraction. From the annealing step to the cloning of the subtracted library, the samples
are not subject to any further PCR amplification. Because this method uses endonuclease
digestions before cloning the subtracted cDNAs, the resulting library will be composed
of variable length, incomplete cDNAs.

SSH employs a greater number of amplifying steps than the RaSH method, depend-
ing on the availability of the two samples to subtract. If a sufficient amount of poly
A Tail RNA is available, a standard cDNA synthesis should be performed because it
increases the probability of maintaining the relative representation of the cDNAs be-
tween each sample, which is important during the annealing step.

Using SSH, Robert et al. (15) produced subtracted libraries of oocytes at different
stages of maturation. The total RNA content of oocytes in believed to be 2.4 ng (16,
17). It is well accepted that the ribosomal proportion of total RNA is about 95% of
that found in somatic cells. However, because the oocyte stores RNA during its matu-
ration, the proportion of ribosomal RNA is reduced to 23% (18), thus the mRNA con-
tent of the oocyte is estimated to be around 1.9 ng. Using only 50 oocytes (92 ng
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mRNA), Robert et al. (15) isolated specific cDNAs. Classic procedures would have
required 5–10 mg of poly A RNA to obtain the same results. Other teams have also
reported the use of similar technologies to amplify cDNAs from small tissue biopsy
samples (19).

After the subtraction, specificity has to be confirmed because the resulting PCR
product is only enriched in differentially expressed cDNA. To screen a large amount
of candidates, the cDNAs are arrayed on nitrocellulose, nylon membrane, or glass and
hybridized with probes made from the original tissues. In the case of low-expression
genes, the use of subtracted probes may be useful because relative abundance is nor-
malized during the suppressive PCR amplifications. Finally, Northern blot analysis
or quantitative PCR standardized to the level of a stable, known housekeeping
gene is needed to precisely measure the levels in differential expression between the
samples.

3. METHODS FOR SSH USED ON OOCYTES
AND PREIMPLANTATION EMBRYOS

3.1 Oocyte/Embryo Collection

During collection, oocytes are kept in follicular fluid for as long as possible to prevent
spontaneous maturation and meiosis resumption. When all the oocytes are collected,
they are washed in PBS buffer to remove the follicular fluid. This is done because the
cumulus cells are stripped from the oocyte mechanically using a vortex, and the pres-
ence of follicular fluid causes the solution to foam. The denuded oocytes are recuper-
ated and washed three to four times in PBS buffer to remove the cumulus cells in the
solution. The oocytes are quickly transferred to a 0.5-ml Eppendorf tube. Most of the
oocytes should drop to the bottom of the tube, and most of the remaining PBS buffer
can be carefully removed. When small pools are used, it is important to confirm visu-
ally the number of oocytes in the tube because some oocytes may have been removed
with the PBS. The preimplantation embryos are simply collected from the culture drops
and transferred to a tube as described for the oocyte collection. It is not necessary to
wash the embryos in PBS buffer, as the media will be removed from the tube. The tubes
can be snap frozen in liquid nitrogen before storage at –80°C, but in our experience we
did not have more RNA degradation when the liquid nitrogen dipping was skipped
because only a few oocytes/embryos are remaining in the tubes, and they freeze instantly
at –80°C. Although the stored maternal RNA should be fairly stable, it is important to
process the cells as quickly as possible to reduce the effect of the stress associated with
the oocyte/embryo manipulation.

3.2 RNA Extraction

In a previous study (15), total RNA was extracted using Trizol reagent (Gibco BRL,
Burlington, ON). This is a fast and cost-effective method, but a fraction of the RNA is
lost during the organic-phase collection. Furthermore, the resulting RNA is often con-
taminated with genomic DNA, necessitating DNase I treatment followed by a phenol/
chloroform extraction or a column purification such as RNeasy (Qiagen, Mississauga,
ON). These extended manipulations may result in the loss of RNA. Because the work
with oocytes or preimplantation embryos is challenging due to tissue scarcity, it is im-
portant to be efficient during RNA extraction to prevent RNA loss. Other techniques of
RNA extraction have recently been developed to circumvent the problem of RNA loss.
We currently use the microextraction columns from Stratagene to extract the RNA and
perform the DNase I treatment in the same column (see chapter 13). Generally, for the
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downstream reactions, it is better to use poly (A)+ RNA when available. We do not ex-
tract the poly (A)+ RNA from the cells because the oocytes/preimplantation embryos
are rich in poly (A)+ RNA, and we believe the RNA lost during poly (A)+ RNA extrac-
tion would be more critical than using total RNA.

After the extraction, the RNA is precipitated using sodium acetate and isopropanol.
Because the concentration of RNA is low, a coprecipitant must be added. Glycogen or
linear acrylamide can successfully be used as coprecipitant, but the use of tRNA should
be avoided because tRNA will interfere in the cDNA subtraction.

3.3 Reverse Transcription and Total Amplification

Even if an oligo-dT is used during first-strand synthesis to reverse transcribe specifically
the RNA population with a poly A tail, sequences rich in poly A will allow the oligo-dT
primer to bind, resulting in the reverse transcription of nonmessenger RNA. We use the
superscript II enzyme (Gibco) to perform the reverse transcriptions because it is efficient
and lacks the exonuclease activity of other moloney murine leukemia virus (MMLV) re-
verse transcriptases. Because the amount of starting material is usually insufficient to
perform a standard subtraction when working with oocytes or preimplantation embryos,
a total amplification of the RNA pool is needed. To do this, we use the SMART kit from
Clontech, which is basically a regular reverse transcription reaction using two special oli-
gonucleotides. The first one is an oligo-dT with a specific primer sequence in 5', whereas
the second one is designed with the same specific primer sequence with the addition of a
poly G tail. The first primer will bind to the poly A tail of the mRNA, while the second
primer will bind to the poly C tail left by the reverse transcriptase leaving the RNA strand
and thus creating another primed region for the reverse transcriptase to synthesize the sec-
ond strand (Figure 18.1). The end product of this reverse transcription reaction is a double-
stranded DNA pool bearing a known primer sequence at both ends. The primer sequence
is then used to perform the PCR amplification of the entire DNA pool. To prevent over-
cycling, which will introduce an important bias in the relative amount of each amplified
transcript species, a fraction of the DNA pool is sacrificed to determine the optimal num-
ber of cycles. The amplification is performed on the sample for 12 cycles, and then, with-
out stopping the reaction, an aliquot of the PCR product is taken out every 3 cycles until
the amplification reach 24 cycles. The aliquots are run on an agarose gel, and the optimal
number of cycles is determined visually according to the shape of the resulting DNA smear.
For pools of 50 oocytes, we conduct on average 15 cycles.

3.4 SSH

For the SSH procedures (Figure 18.2), we follow the instructions as outlined in the
user manual provided with the PCR Select Kit (Clontech). Briefly, the tester and driver
DNA pools are digested with a specific restriction enzyme. The tester pool is divided
in two fractions, and a different adaptor is ligated to each fraction. For the first hy-
bridization, an excess amount of driver DNA is added separately to each tester-ligated
fraction. The second and most important annealing step consists of mixing the two
annealed fractions together and adding more denaturated driver cDNAs. This increases
the efficiency of the elimination of the common strands and allows the tester-specific
cDNAs to anneal with their counterparts possessing the second linker sequence. Be-
fore the first subtracting PCR, the ends are filled with Taq polymerase, recreating the
primer sites. An aliquot of this first PCR is diluted and used as template for the sec-
ond round of subtraction by nested PCR. With these specific PCR amplifications, only
the cDNAs bearing both linkers types that correspond to tester-specific cDNAs are
amplified exponentially. The resulting PCR product is enriched in differentially ex-
pressed cDNAs of partial length.
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3.5 Cloning and Transformation

To clone the cDNAs we use the TA cloning kit from Invitrogen (Burlington, ON)
because of its high efficiency with PCR products and because it offers the screening of
the bacterial colonies with the lacZ system. After the PCR product is ligated into the
plasmid, competent bacteria are transformed and plated onto agar plates containing ampi-
cillin, X-Gal, and IPTG (isopropylthio-b-galactoside) using usual procedures. The white
colonies are picked and grown individually overnight in 96-well plates.

3.6 Insert Amplification and Candidate Screening

The next day, 1 ml of each bacterial growth was subjected to PCR amplification using
the nested PCR primers used in the second round of amplification during the SSH pro-
cedures. Each PCR product was run on an agarose gel to confirm the amplification and
to evaluate the size of the insert. Some plasmids contain two inserts, and for an unknown
reason some others do not show any inserts. To find the differentially expressed genes
among all these candidates, the cDNAs are arrayed on a nylon membrane or a glass
slide to perform high-throughput screening. Each candidate isolated by cDNA array is

Figure 18.1. Reverse transcription and total cDNA amplification using the SMART approach
from Clontech.
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then confirmed by quantitative RT-PCR because the techniques of cDNA amplifica-
tion (SMART) combined with SSH procedures use several rounds of PCR that might
skew the original relative abundance of some mRNA.
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1. APOPTOSIS

1.1 Apoptosis in Development

A basic requirement in development is the proliferation of sufficient cells to form the
structure of the organism. This is seen nowhere more clearly than during the earliest
transition in mammalian development, from the single-celled zygote to the multicellu-
lar blastocyst. However, the generation and maintenance of a cell population is not just
a function of cell division by mitosis and cytokinesis, but is counterbalanced by cell
loss via apoptosis. Apoptosis is a physiological form of cell death and is characterized
morphologically by nuclear condensation and blebbing, followed by shrinkage of the
cell and formation of membrane-bound vesicles of degraded chromatin (1, 2). The cell
does not release its soluble contents into intercellular spaces; rather, these apoptotic
bodies are phagocytosed by macrophages or neighboring cells with phagocytic capac-
ity. In contrast, necrotic cell death is accidental and occurs in response to trauma or injury
such as osmotic shock. This results in loss of plasma membrane integrity, followed rap-
idly by cell and nuclear lysis and release of contents into intercellular spaces, frequently
resulting in an inflammatory response.

Apoptosis has evolved to allow efficient and orderly disposal of cells without compro-
mising the viability of the organism. It can be considered the primary driving force be-
hind the establishment of cell number, against a background of cell division, and it is central
to the regulation of animal size (3). In addition to regulating the number of cells, apoptosis
also fulfills a crucial proofreading function in development by eliminating damaged or
abnormal cells from an organism. It also eliminates cells that are normal but are no longer
required in a particular place, such as interdigital webbing (4–6). Apoptosis usually
occurs at specific times and places during development in response to a genetic program
or specific signals—hence its original identification as “programmed” cell death (PCD)
(4, 7, 8). Not all apoptosis is genetically programmed, and not all PCD occurs via apoptosis;
however, the term apoptosis has now been generally adopted to refer to cell death with
the features described above and is used throughout this chapter.
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In mammalian development, apoptosis eliminates oocytes from the ovary (9) and
defective sperm cells from the testis (10). In the postimplantation embryo, apoptosis
performs a number of functions, including formation of cavities during development
(11), as early as the proamniotic stage in the mouse (12). In the preimplantation em-
bryo, loss of cells by fragmentation is common at the early cleavage stages. This pro-
cess has been positively identified as apoptosis using a number of methods (see section 2,
“Techniques for analyzing apoptosis”) in mouse zygotes (13–15), human 2–8-cell em-
bryos (16–20), and bovine 8–16-cell embryos (21). In mouse, human, bovine, and the
amphibian Xenopus (22), the wave of apoptosis coincides with the earliest activation of
the embryonic genome (EGA). This has led to suggestions that its function is to elimi-
nate blastomeres or whole embryos that are not competent to undergo this developmen-
tal transition (13, 22, 23). The majority of embryos, however, develop normally without
fragmentation and do not undergo apoptosis until they reach the blastocyst stage. This
first major wave of apoptosis in development occurs in essentially all blastocysts, pre-
dominantly in the inner cell mass (ICM) (24, 25). Because this population of cells
gives rise to the fetus and carries the germ line, the selective targeting of apoptosis to
the ICM suggests strongly that it functions to protect the genomic integrity of the de-
veloping organism. Apoptosis could eliminate ICM cells that contain damage (23); in-
duction of DNA strand breaks by X-irradiation induces apoptosis in the ICM within 2 h
(26). Apoptosis may also eliminate cells that possess the “wrong” phenotype, since the
incidence of apoptosis increases as the blastocyst expands, coincident with loss of abil-
ity of ICM cells to form trophectoderm (TE) (27). There is some evidence for this latter
suggestion, as embryonal carcinoma cell lines that retain the potential to form TE are
selectively killed in blastocoel fluid, possibly by the action of reactive oxygen species
such as hydrogen peroxide (28, 29). Apoptosis may also regulate ICM cell number as
this plateaus in the later blastocyst, although the rate of mitosis does not decrease (27,
30). However, apoptosis is not thought to play a role in size regulation of the mouse
embryo after implantation (31), and neither is it responsible for formation of the blasto-
coel cavity. To date, apoptosis has been detected in blastocysts of a wide range of spe-
cies including humans, rhesus monkeys, baboons, mice, rats, rabbits, pigs, and cows
(21, 32–38).

1.2 Regulation of Apoptosis

Correct regulation of apoptosis is essential in development; failure to eliminate damaged
cells can give rise to disease states such as cancer, whereas excess apoptosis can destroy
viable cells and is implicated in neurodegenerative diseases (5). Regulation is especially
critical in organisms such as the preimplantation embryo that contain few cells. Loss of
ICM cells below a critical threshold can compromise fetal development (39, 40), and
total blastocyst cell number is correlated with implantation potential (41, 42). Apoptosis
can be regulated both positively and negatively, with pathways converging on the bcl2
family of intracellular regulators of apoptosis. The components of these pathways (known
collectively as the “apoptosis machinery”; Figure 19.1) are expressed in almost all mam-
malian cells studied. Preimplantation mouse embryos express both pro- (bax, bad, bak,
bid) and anti- (bcl2, bclxl, bclw) apoptotic members of the bcl2 family and several of the
caspases (caspase 2, 3, 6, 7, 12, etc.) throughout development (13, 43; M. Kamjoo, D. R.
Brison, and S. J. Kimber, unpublished). Human embryos express at least 10 members of
the bcl2 family throughout preimplantation development (44–46). Thus, in mammalian
cells the apoptosis machinery is present and ready to be triggered at any time. To ensure
cell survival, apoptosis must be continually suppressed by extracellular survival signals.
These can be derived from extracellular matrix via interactions with integrins, contact with
other cells via the cadherin system, or soluble signals such as cytokines and peptide growth
factors acting via their cognate receptors on the cell surface. In the absence of extracellu-
lar survival signals, apoptosis is the default cell fate (47).
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Exogenous survival signals can be blocked pharmacologically by incubation in
staurosporine, a protein kinase inhibitor that blocks all signal transduction. Staurosporine
induces apoptosis in all cells of the mouse blastocyst (48), but, interestingly, four-cell
embryos are less sensitive. Cells can also be deprived of survival signals by culturing
them singly in simple medium. Under these conditions, disaggregated and singly cul-
tured four-cell mouse blastomeres are one of the few nucleated mammalian cells that
do not undergo apoptosis (48). In contrast, mouse embryos grown singly in culture to
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Figure 19.1. Model for regulation of apoptosis pathways and methods of analysis. A number
of signals can prime a cell for apoptosis, including withdrawal of survival signals and detection
of cellular DNA damage (e.g., by the tumor–suppressor gene p53). Priming leads to alterations
in the expression and activity of the intracellular regulators of apoptosis, the bcl2 family of mole-
cules, of which there are more than 20 mammalian family members (89). The balance and inter-
action between antiapoptotic members such as bcl2, bcl-xl, bcl-w (shown acting negatively on
the apoptosis pathway) and proapoptotic members such as bax, bak, bad, bid, bcl-xs (shown acting
positively) determines cell fate. This interaction occurs at the level of the mitochondrion (repre-
sented as an oval), with proapoptotic members such as bax and bid translocated from the cytosol
to the mitochondrial outer membrane, possibly forming pores which allow release of cytochrome
c into the cytosol (90, 91). Antiapoptotic members such as bcl-2 and bcl-xl effectively block this
process. Regulation of these interactions can occur at the transcriptional and translational levels,
with production of new protein altering the balance in favor of survival or death. Posttransla-
tional modifications are also crucial. Survival receptor signaling via intracellular kinases such as
protein kinase A causes the proapoptotic bad to be phosphorylated and sequestered away from
the mitochondria, blocking the proapoptotic function of bax (92). p53 activation of apoptosis
can act via the bcl2 family or directly via death factor signaling (93). After commitment to
apoptosis, a cell is irreversibly destined to die, and the execution phase is carried out via the
activation of a cascade of intracellular cysteine proteases known as caspases (94). Cytochrome c
release causes the activation of the initiator caspase 9, together with an adaptor protein (Apaf-1)
as part of a complex called the apoptosome. Caspase 9 then activates downstream caspases such
as the effector caspase 3. Death factors such as tumor necrosis factor (TNF)a binding to its re-
ceptor (TNFR1) can bypass the bcl2 family by directly activating the initiator caspase 8, fol-
lowed by caspase 3, etc. (95). A cascade of inactive procaspases are cleaved to yield active forms
that kill the cell by cleaving cellular constituents, including specific known targets such as nuclear
lamins, cytokeratins, and the DNA repair enzyme poly-ADP-ribose polymerase (PARP). This
leads to breakup of nuclear structure and activation of endonucleases such as caspase-activated
deoxyribonuclease (CAD), which cleaves DNA between nucleosomes, yielding fragments ap-
proximately 180 bp in length. The end result is the formation of membrane-bound apoptotic
bodies, which are phagocytosed.
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blastocyst show three times the amount of apoptosis compared to blastocysts that de-
veloped in vivo, whereas embryos cultured in groups show intermediate levels (49).
These data and other studies (50) suggest that survival factors are present in the mater-
nal tract and also secreted by embryos in culture. One such survival factor is the peptide
growth factor transforming growth factor a (TGFa). Embryos lacking the TGFa recep-
tor, epidermal growth factor receptor erbB1, show a phenotype of failure of normal ICM
development on at least one genetic background (51). TGFa added to embryo culture
medium at 0.1 pM reduces apoptosis in whole mouse blastocysts and also in ICMs iso-
lated and cultured singly. This rescue effect is specific because it is blocked by incuba-
tion with a control-blocking antibody to TGFa. Higher concentrations of TGFa increase
apoptosis, presumably due to downregulation of erbB1 and loss of survival signaling
(49). Loss of TGFa function also increases apoptosis. TGFa-null mutant mice are fer-
tile and produce morphologically normal blastocysts, but with three times the rate of
apoptosis seen in wild-type blastocysts (52). Insulinlike growth factor 1 (IGF1) is also
a survival factor for rabbit (53), mouse (23), human (54), and cow (55) embryos. As
with TGFa, high concentrations of IGF1 cause increased apoptosis in the blastocyst due
to downregulation of the IGF1 receptor (IGF-1R) and loss of survival signaling (56).
For a review of survival-factor regulation of apoptosis in the embryo, see Brison (23).
Some cell types also express members of the endogenous inhibitor of apoptosis protein
(IAP) family, which can block apoptosis (57). Maternal IAPs could be responsible for
the survival of early mouse blastomeres, whereas failure in expression of these from
the newly transcribed embryonic genome could explain the apoptosis seen in some early-
cleavage embryos (13, 22, 23).

There is also evidence of positive regulation of apoptosis in mouse embryos. p53-
null mutant mice develop normally but show an increased number of fetal abnormali-
ties after paternal exposure to radiation (58). This confirms an important role for p53
in proofreading early mammalian development, probably by triggering apoptosis in
response to DNA damage (59). This extends to the preimplantation period, as induc-
tion of DNA strand breaks by X-irradiation initiates apoptosis in the blastocyst within
2 h (26). Moreover, mouse embryos derived from DNA-damaged sperm arrest before
the blastocyst stage with premature induction of apoptosis (60). Apoptosis is also posi-
tively regulated by death factors (see Figure 19.1), and in the mouse and rat embryo
exposure to TNFa results in loss of cells preferentially from the ICM (61), decreasing
embryo viability after implantation (40). High glucose concentrations associated with
hyperglycemia in the diabetic state can also induce apoptosis in mouse and rat em-
bryos (62, 63). This occurs via a bax-dependent pathway involving ceramide and
caspase 1 (63), in response to downregulation of glucose transporters and decreased
glucose transport (64). Glucose regulation of apoptosis has been recently reviewed
(25, 65, 66).

1.3 In Vitro Development and Perturbation of Apoptosis

Apoptosis is seen during normal in vivo embryo development in a number of species
and is not merely an artifact of in vitro culture (24). However, in vitro conditions do
increase apoptosis (23). This can be a response to the absence of maternal or embryonic
survival factors (49, 52), the presence or absence in culture medium of growth/survival
factors including those in serum (23), and oxygen concentration (19). Culture medium
composition can also influence the level of apoptosis (67, 68). IVF itself appears to cause
dysregulation of apoptosis. Mouse IVF embryos show increased apoptosis at early cleav-
age stages, induced by a lack of autocrine growth factors (50), and in the blastocyst,
with extensive cell death in the TE as well as the ICM, in mouse (69) and human (36)
embryos. This gives rise to concerns about the appropriate level of apoptosis in human
blastocysts replaced in clinical IVF programs (23). In particular, there is a danger that
addition of growth factors to embryo culture medium could block apoptosis, which is
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required to eliminate damaged cells. In this context, it may be significant that there is
interaction between IGF1 and p53-triggered apoptosis pathways (70).

2. TECHNIQUES FOR ANALYZING APOPTOSIS

A wide range of techniques are used in the analysis of apoptosis in cells. These have
been described in detail elsewhere (71), and we only briefly review some here, concen-
trating on those that are especially applicable to preimplantation embryos (summarized
in figure 19.1). These assays are categorized in terms of (1) expression of components
of the apoptosis pathways, (2) activation of these components, and (3) endpoints or
markers of apoptosis. The techniques can be further subdivided into biochemical as-
says that are carried out in solution and in situ assays that yield spatial information.

2.1 Expression of Apoptosis Pathway Genes

The role of apoptosis in development can be assessed by measuring the expression of
genes involved in the regulation or execution of the pathways. This can be done at the
level of mRNA or protein analysis.

2.1.1 mRNA Analysis

Expression of apoptosis genes can be carried out conveniently using RT-PCR, with the
advantages that screening for a large number of genes is possible and transcriptional
regulation of apoptosis can be studied. For species showing relatively homogeneous
preimplantation development, such as the mouse, mRNA can be purified from groups
of embryos using micro-scale methods (see chapters 13 and 14). For example, expres-
sion of the apoptosis survival factor genes TGFa and EGFR (erbB1) has been measured
semiquantitatively in groups of embryos at all stages of preimplantation development
(Figure 19.2) and in the ICM and TE (72). However, analysis of single embryos is often
essential, especially for those species that develop heterogeneously in vitro such as the
cow and human. Conventional RT-PCR protocols permit only a few genes to be ana-
lyzed in a single embryo, which is extremely limiting in the analysis of multifactorial
pathways such as apoptosis. Thus, we have used a single-cell mRNA global amplifica-
tion method (73, 74) which permits analysis of unlimited numbers of genes in a single
embryo (see Figure 19.3 and Protocol 19.1 for PolyAPCR on single embryos). Using
this technique, a large number of apoptosis genes have now been described in groups of
mouse (13) and single human (46) embryos. Expression of the survival molecule bcl2
is low during mouse and human preimplantation development, suggesting that other
family members may be more important (13, 43, 46, 75, 76). The prodeath molecule
bax is strongly expressed and may be influenced by in vitro culture (46, 76). The rela-
tive expression of anti- and proapoptotic genes has also been measured in single em-
bryos. Proapoptotic genes are associated with morphologically poor-quality embryos
and antiapoptotic genes are associated with viable embryos (13, 45). Information on
spatial expression of apoptosis-related mRNAs can also be obtained by disaggregating
the blastocyst before RT-PCR (e.g., ICM versus TE [72]) or by using in situ hybridiza-
tion (e.g., bcl2 mRNA in rat blastocysts [77]).

2.1.2 Protein Analysis

For most purposes, it is convenient to analyze the spatial distribution of genes in terms
of their functional product, the protein, using immunocytochemistry. A number of
apoptosis proteins have been studied in the embryo by immunofluorescence, using stan-
dard protocols for fixation and permeabilization (43, 44, 46). Precise conditions vary
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Figure 19.2. Developmental profile of relative levels of expression of mRNAs for TGFa and
its cognate receptor, the epidermal growth factor receptor (EGFR; erbB1), in mouse germinal
vesicle-intact (GV) and metaphase II (MII) oocytes, one-, two-, four-, and eight-cell stage em-
bryos, morulae (M), and blastocysts (BI). mRNA was prepared from groups of 30 embryos at
each stage, and levels were quantified against an exogenous b-globin standard (97). Both genes
show a classic U-shaped profile of high expression in the oocyte and two-cell stages, low ex-
pression at the four-cell stage, and increased expression in the morula/blastocyst. This profile
suggests that early transcripts are maternal in origin, whereas later transcripts arise from activa-
tion of the embryonic genome at the two-cell stage. The latter increase suggests a role for these
genes in blastocyst formation. Data from D. R. Brison and R. M. Schultz (unpublished).

Figure 19.3. PolyAPCR on single embryos (adapted from Brady and Iscove [74]). This tech-
nique uses direct lysis without an mRNA purification step to increase the sensitivity of transcript
detection. Reverse transcription is limited to 15 min, ensuring that first-strand cDNA synthesis
is restricted to the most 3’ 500–800 bp of the gene sequence. All mRNAs in the cell are therefore
represented by amplicons of approximately the same size, ensuring that in subsequent PCR re-
actions there is no bias in favor of shorter mRNA transcripts. Similarly, rare mRNAs should be
represented in proportion to their frequency. Thus the cDNA pools obtained reflect the mRNA
populations in the intact embryo (although some discrepancies may still arise in determining
relative frequencies of different mRNAs due to differences in GC content, as in any PCR-based
technique). PolyAPCR has been used for qualitative analysis of mRNAs in single human em-
bryos (76, 98) and quantitative analysis of small groups of mouse embryos (13, 99). This method
has also been used to study gene regulation by polyadenylation of mRNAs during embryonic
genome activation (100, reviewed by Brady [101]).
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according to the antigen and antibody used, so it is inappropriate to give specific proto-
cols here. However, fixation in paraformaldehyde and permeabilization with Triton
X-100 according to the protocol given here for TUNEL (see Protocol 19.2 for blasto-
cyst TUNEL) was found to be suitable for detection of TGFa in mouse blastocysts (72)
and Bax, Bcl2, Bclx, Bclw, and activated caspase 3 in human embryos (46) (e.g., Bax;
Figure 19.4). This information is essential in establishing a developmental role for par-
ticular proteins, especially in terms of subcellular localization. However, a major level
of apoptosis regulation is post-translational (e.g., protein phosphorylation events). This
requires an approach such as separation of proteins by gel electrophoresis followed by
immunoblotting with, for example, antiphosphotyrosine antibodies.

2.2 Activation of Apoptosis Pathway Components

2.2.1 Caspase Activation

Caspase activation assays are relatively specific for apoptosis (excluding caspase-
independent pathways) and make use of antibodies specific to the cleaved, active forms.
Activation of the effector caspase 3 has been detected by immunofluorescence in mouse
zygotes (15) and human embryos (A. D. Metcalfe, H. R. Hunter, S. J. Kimber, and
D. R. Brison, unpublished data). This assay is highly specific to individual caspases but
suffers from the disadvantage that activity is likely to be transient. Fluorogenic caspase
substrates can also be used to assay caspase enzymatic activity. These work on the prin-
ciple that a nonfluorescent substrate is cleaved by an active caspase to yield a fluores-
cent product. The substrate is added to live cells followed by fixation if desired and
localization by fluorescence microscopy. This method is less specific for individual

Figure 19.4. Confocal micrographs showing expression of Bax protein in a human fragment-
ing early cleavage embryo (A) and blastocyst (B) (23). Arrows indicate bright staining in cyto-
plasmic vesicles excluded from the embryo. In panel B, the ICM is located at the top left; the
shadow is an artifact of embryo processing. Bars = 18 mm. Embryos were fixed in 1% paraform-
aldehyde for several days before processing, then permeabilized and washed according to the
Protocol 19.2. The primary antibody used was a rabbit polyclonal antihuman Bax at a dilution of
1 in 10 in PBS/BSA (4 mg/ml), detected by a goat antirabbit FITC-conjugated secondary anti-
body diluted 1:50 in PBS/BSA. Negative controls omitting the primary antibody and with an
irrelevant primary antibody showed no signal. Fluorescence detection was by confocal micros-
copy with a full Z series of optical sections collected for each embryo. Images can be visualized
as full projections of all sections (A) or a selected region of the embryo, such as the ICM (B).
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caspases but has been used to demonstrate general caspase activity in mouse oocytes
(78) and embryos (43).

2.2.2 Annexin V labeling

One of the earliest events of apoptotic execution, the translocation of phosphatidyl serine
to the outside of the plasma membrane, can be detected using binding of annexin V.
Annexin V is conjugated to a fluorescent marker and localized by fluorescence micros-
copy. This technique has been used in oocytes (79) and in early-cleavage human em-
bryos (18, 45). However, it must be applied to live, nonpermeabilized cells, making it
unsuitable for studies of more complex structures such as the blastocyst. Annexin V
also labels necrotic cells and must be used in conjunction with a method that discrimi-
nates between intact and lysed plasma membranes. The most commonly used method
is exclusion of propidium iodide (PI), a DNA-intercalating dye, which does not cross
intact cell membranes and will therefore label necrotic but not apoptotic cells.

2.3 Endpoints of Apoptosis

2.3.1 Endonuclease Degradation of DNA

The standard biochemical method of characterizing apoptosis in complex tissues is to
isolate genomic DNA and subject it to electrophoresis in an agarose gel. Apoptotic DNA
resolves into bands with a characteristic 180-bp internucleosomal repeat or ladder (80).
This technique has been widely used, including in the study of apoptosis in granulosa
cells during follicular development; however, it has so far not been used in preimplan-
tation studies because it would require large numbers of embryos to generate sufficient
DNA. A more useful technique that can be applied in situ, the TUNEL assay, is de-
scribed below.

2.3.1 PARP Cleavage

Another classical marker of apoptosis, cleavage of the DNA repair enzyme PARP (poly
(ADP-ribose) polymerase), can be measured biochemically by immunoblotting with an
anti-PARP antibody. In general, biochemical assays of apoptosis such as DNA laddering
and PARP cleavage are not useful for preimplantation embryo studies because they give
no information on spatial distribution. However, antibodies have now become avail-
able that recognize cleaved, native PARP and may be useful for in situ immunocyto-
chemical studies on embryos.

Other apoptosis endpoint assays include use of antibodies against cleaved cytokeratin
18 (81), single-stranded DNA (82), cytochrome c (15), and CAD (caspase-activated
DNase) (83).

2.3.2 Cellular and Nuclear Morphology

The hallmarks of apoptosis remain the morphological endpoints of cellular and nuclear
fragmentation (Figures 19.1, 19.4, 19.5, 19.6). Although a wide range of techniques are
now available (see above), nuclear morphology in particular remains the most commonly
used and reliable criterion of apoptosis. This has often led to controversy in defining
apoptosis, not least during mammalian development (see Perez et al. [78] and van
Blerkom and Davis [84] for interesting discussions of this in the oocyte). Cells with
apoptotic morphology were first observed in preimplantation embryos by Wilson (32),
and Wilson and Smith (33) and further studied by El-Shershaby and Hinchliffe (85) and
Copp (86). These observations were made using light and electron microscopy on fixed,
sectioned embryos. However, these approaches are difficult and highly labor intensive
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(85). Use of polynucleotide-specific fluorescent dyes combined with limited immuno-
surgical lysis of the TE layer allowed TE to be distinguished from the ICM (30). Hoechst
33258 (bisbenzamide) was used to label the ICM and propidium iodide (PI) to label the
TE only. Dead cells were identified by their fragmented nuclear morphology, repre-
sented as brightly staining vesicles of chromatin (27). This differential labeling method
greatly simplified the quantitative study of cell proliferation, allocation, and death in
the blastocyst (27, 30, 36, 49, 62, 87). However, differential labeling can be prone to
artifacts because it relies on an intact permeability seal in the TE to exclude PI and con-
ventionally also requires the labeled blastocyst to be disaggregated for cell counting,
thus losing precious spatial information. It also requires the zona pellucida to be removed,
increasing the risk of introducing artifacts by exposure of embryos to acid tyrodes
solution.

2.3.3 Whole Blastocyst Analysis

The advent of confocal microscopy made it possible to overcome the problems discussed
above by analyzing the spatial distribution of nuclei in whole, intact blastocysts (as de-
scribed in the protocol 19.3 for whole mount confocal analysis). With this method, all
nuclei in the blastocyst are labeled with a single fluorescent dye (e.g., PI, Hoechst 33258,
DAPI). The embryo is scanned in whole mount, and a series of digital images (Z series)
is captured of the whole embryo (52). Using computer software this is compiled as a stereo
three-dimensional image, which can be analyzed from a number of different angles as a
rotating movie, allowing full visualization of all nuclei in the blastocyst (52). Full recon-
structions from different angles are shown in figure 19.5 (52). This analysis allows cells
to be accurately counted and allocated to ICM, polar TE (pTE), and mural TE (mTE) on
the basis of nuclear position, shape, and staining (see protocol 19.3).

Figure 19.5. Apoptosis in whole mouse blastocysts. Fragmented apoptotic nuclei are labeled with
TUNEL (yellow); healthy nuclei are labeled with propidium iodide (red). Computer-generated
reconstructions of confocal Z series of the entire embryo show projections from (A) the front, (B)
60°, and (D) 90°, showing the position of apoptotic nuclei in the center of the embryo. (C) The
middle sections through the ICM only. In A, the ICM is located at the top left of the blastocyst and
ICM nuclei (small black arrow) can be distinguished from polar TE nuclei (small white arrow) and
mural TE (small broken arrow). In C, TUNEL-positive nuclei show fragmented (large black arrow)
and condensed (large white arrow) nuclear morphology. (E) A larger, expanded blastocyst with
many TUNEL-positive, fragmented apoptotic nuclei in the ICM and loose in the blastocoel. The
asterisk marks the position of a polar TE nucleus (red) beginning to hatch from the zona pellucida
and a single sperm head (yellow). Bars = 40 mm. From Brison and Schultz (52). See color insert.
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A further advance was made with the use of TUNEL, which detects DNA strand breaks
generated during apoptosis (88, 89). The TUNEL assay relies on the specificity of TdT
(terminal deoxynucleotidyl transferase) for free 3'-OH ends of DNA generated by the
action of endonucleases (e.g., CAD) activated during apoptosis. This technique is also
known as in situ end labeling (ISEL) and is more specific to apoptosis than in situ nick
translation (ISNT) assays, which use DNA polymerase. TdT catalyzes the addition of a
polydeoxynucleotide to the 3'-OH end, and in the TUNEL assay this is generally dUTP,
conjugated to a suitable marker. The marker can be biotin, in which case secondary
detection is required to visualize the sites of dUTP addition. In the method described in
Protocol 19.2, primary detection was adequately bright using dUTP directly conjugated
to fluorescein. Although TUNEL preferentially detects apoptotic DNA, its use has been
somewhat controversial because TdT can also label DNA breaks in late-stage necrotic
cells and artifactual strand breaks induced by, for example, paraformaldehyde fixation
and sectioning. This has made the use of TUNEL problematic in tissues that are com-

Figure 19.6. Detection of apoptotic nuclei in the blastocyst using TUNEL (see Protocol 19.2).
The same blastocyst, labeled with (A) propidium iodide (PI; red) and (B) TUNEL (green), and
(C) superimposed (yellow). Comparison between A and B shows that there is little bleedthrough
of signal from the red to green channel. Controls are also performed using TUNEL in the ab-
sence of PI to demonstrate the converse (not shown). Negative controls lacking terminal trans-
ferase demonstrate an absence of nonspecific background labeling (D), and positive controls after
DNase treatment show labeling of all nuclei in the blastocyst (E). (F, G) Morphology of healthy
and fragmented apoptotic nuclei, respectively. (A–E) Bar = 20 mm (F, G) bars = 2 mm. From
Brison and Schultz (49). See color insert.
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plex or require extensive preparation. In a simple system with only a few cell types such
as the preimplantation embryo, TUNEL is an extremely useful marker of apoptosis.
However, even here it should be allied to a second marker, preferably nuclear morphol-
ogy. TUNEL was first applied to fragmenting human embryos (17) and mouse embryos
(48). We used TUNEL to provide further evidence of apoptosis in the blastocyst and to
facilitate quantitation of the apoptotic index (expressed as TUNEL-positive cells per
embryo cell number) using the confocal reconstruction method (21, 49, 52, 68).

2.4 Experimental Manipulation of Apoptosis

The levels of apoptosis can be manipulated in an in vitro model in a number of ways.
Apoptosis can be most usefully blocked by incubation in caspase inhibitors, of which a
number are now available (e.g., zVAD-fmk, DEVD-CHO). Incubation in the protein
kinase inhibitor staurosporine will induce apoptosis in most mammalian cells including
embryos (48) and can be used as a positive control. More physiological inducers of
apoptosis are TNFa (62), high glucose (62, 63), and culture in the absence of survival
signals, as single embryos (49, 52, 68) or blastomeres (48). Apoptosis can also be ma-
nipulated by culture media composition, (e.g., MF1 and C57Bl6 embryos both show
increased apoptosis when cultured to blastocyst in M16 compared to KSOM [68]).

3. DATA ANALYSIS

3.1 TUNEL and Whole Blastocyst Confocal Analysis

The confocal reconstruction method allows blastocysts to be scored in each compartment
(ICM, polar TE, and mural TE; see figure 19.5) for total cell (nuclear) number; number of
mitotic figures; and number of TUNEL-positive fragmented nuclei, TUNEL-negative
fragmented nuclei, and TUNEL-positive nonfragmented nuclei. TUNEL-positive and
-negative fragmented nuclei are combined to give the number of apoptotic nuclei; we have
rarely observed TUNEL-positive nonfragmented nuclei. Nuclear fragmentation and
TUNEL labeling are coincident in the same nuclei with a correlation of approximately
0.9 (i.e., 90% agreement) in mouse and cow blastocysts (21, 49, 52, 68). One group has
consistently shown that DNA fragmentation and nuclear fragmentation are rarely coinci-
dent in mouse blastocysts exposed to TNFa or high glucose and have suggested that the
pathways leading to these two endpoints are regulated differently (62, 83). Nuclear con-
densation without fragmentation is occasionally seen and may also be considered an
apoptotic morphology (figure 19.5A) (54, 83).

The number of nuclei undergoing apoptosis at any one time is most usefully expressed
as a percentage of the total number of nuclei in each cell population, identified by PI
labeling, for example. This gives an apoptotic index, similar to a mitotic index of cell
proliferation. The apoptotic index is a useful parameter of the extent of cell death in an
individual blastocyst and can form the basis of quantitative comparisons between popu-
lations of blastocysts or different experimental conditions. For example, embryos from
TGFa homozygous null mutant (-/-) and wild-type (+/+) mice were cultured from the
two-cell stage and fixed at the blastocyst stage (52). Data are presented in Table 19.1
and are discussed below.

Cell number and allocation to ICM versus TE did not vary between wild-type and ho-
mozygous null embryos (except for a slight difference in pTE cell numbers). Therefore,
both the numbers of apoptotic nuclei and apoptotic indices could be compared between the
two groups. These were significantly higher in homozygous null embryos in both mural
and polar TE and, most strikingly, in the ICM, where nearly 16% of cells were undergoing
apoptosis at any one time in the null embryos. There were also significantly more apoptotic
cells loose in the blastocoel in null embryos. A number of caveats must, however, be borne
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in mind with these quantitative analyses. First, although expressing apoptosis as an index
normalizes it to cell number, in order to make a valid comparison of apoptotic indices, the
populations of blastocysts must have similar cell numbers (as in the TGFa +/+ and -/-
example in table 19.1). A number of studies have shown that apoptosis varies with cell
number, increasing as the blastocyst expands (27), then declining with increasing cell number
before implantation (21, 27, 36). If populations of blastocysts are not matched for total cell
number, a specific effect on apoptosis may be masked by an effect on the rate of develop-
ment or cell proliferation. In cases where populations of blastocysts to be compared have
different cell numbers, analysis of apoptotic indices must be stratified by cell number (68).
Second, apoptosis endpoint assays represent only a snapshot in time. Thus, apoptotic indi-
ces in the blastocyst may appear to be low, but if phagocytosis and clearance of the corpse
occurs very quickly, this could represent a high rate of ongoing cell death. The rate of clear-
ance is not known for preimplantation embryos, and thus a major assumption when com-
paring apoptosis indices in different conditions is that the rate of clearance remains the same.
In some blastocysts, large apoptotic nuclei can be observed floating in the blastocoel (e.g.,
Table 19.1 and Figure 19.5C; human blastocysts; H. R. Hunter, A. D. Metcalfe, S. J. Kimber,
D. R. Brison, unpublished observations). These could be apoptotic early-cleavage blas-
tomeres, which were not phagocytosed because they did not express appropriate cell-sur-
face markers (17).

4. TROUBLESHOOTING AND COMMON PROBLEMS

4.1 PolyAPCR on Single Embryos

Common problems with polyAPCR include failure of lysis of the embryo and inconsis-
tency in results between individual embryos. These problems can be minimized by tak-
ing the following steps:

• To avoid nucleic acid contamination, UV sterilize all PCR tubes (certified RNase/
DNase-free) before beginning the procedure.

• Ensure that the embryo is transferred in a minimum of media (0.5 ml).
• Using a dissecting microscope after transfer, check that the embryo is in the tube

undergoing lysis.
• The most common reason for failure to amplify has been traced to the batch of

oligomer used. Once established, always compare new oligomers to proven exist-
ing oligomers.

Table 19.1. Cell Numbers and Apoptotic Indices in TGFa +/+ and -/- Embryos In Vitro.*

Whole
Blastocyst mTE pTE ICM % ICM Blastocoel

TGFa +/+ Cell number 61.1 ± 1.5 30.0 ±1.4 9.8e ± 0.5 21.5 ± 0.6 36.0 —
(n = 58) No. apoptotic nuclei  2.7 ± 0.3a  0.4c ±0.1 0.4 ± 0.1  1.7g ± 0.2 — 0.2i ± 0.1

Apoptotic index (%)  4.4 ± 0.5a  1.3c ±0.3 2.9e ± 0.7  8.9g ± 1.2 — —

TGFa -/- Cell number 61.5 ± 2.2 33.3 ±2.3 8.3f ± 0.5 19.7 ± 0.9 34.6 —
(n = 48) No. apoptotic nuclei  5.9 ± 0.5b  1.3d ±0.2 0.9 ± 0.2  2.7h ± 0.3 — 1.0j ± 0.2

Apoptotic index (%)  9.9 ± 0.1b  4.0d ±0.7 8.3f ± 1.5 15.8h ± 2.1 —

*Data are means ± SEM.
Different superscripts a–j in the same columns are significantly different between TGFa +/+ and -/- embryos, all at ≤ p <.01. If the
cell number differed between the two populations of embryos (e.g., pTE), then the apoptotic index but not the number of nuclei was
compared. Data from Brison and Schultz (52).
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• Purchase reasonable quantities of oligo dT24 primer so that the optimization step
has to be done only at the outset.

• Once the buffers have been optimized, make large batches of the lysis and tailing
buffers (minus enzymes and primer), aliquot, and store at –80°C.

On occasions, the RT negative control sometimes contains a DNA smear. This is be-
lieved to be due to concatamerization of primer amplicons accumulated during the ampli-
fication process or amplification of nucleic acids present in the Taq enzyme. On probing
this apparent cDNA smear using Southern hybridization techniques or PCR, there should
not be any detectable hybrids or PCR products. If there is a gene product or hybrid in the
RT-negative sample, then the entire sample set created at the same time must be discarded.

4.2 TUNEL and Confocal Analysis

The use of TUNEL in embryos has proved consistently reliable in a number of labora-
tories. Most of the problems, namely poor permeabilization of the embryo and nonspe-
cific labeling, will be familiar to those experienced with immunofluorescence techniques.

Positive and negative controls should be run with every assay (figure 19.6D, E) and,
as with immunocytochemistry, are particularly important when labeling zona-intact
embryos. Although the zona can easily be permeabilized using Triton to allow passage
of reagents, its physical presence may create a microenvironment. This could poten-
tially restrict access of reagents such as TdT to inner cells or result in persistence of
unbound dUTP as background labeling. The positive control using DNase acts as a
permeabilization control, while the negative control lacking TdT establishes that wash-
ing procedures are adequate.

Bleedthrough of signal between channels must be controlled for when establishing
the assay. This is done by including embryos with PI only and TUNEL only and ensur-
ing that a strong signal from each is seen only in the correct channel.

Occasionally embryos may be poorly fixed, with PI-labelled nuclei difficult to dis-
tinguish. This may require a fresh batch of paraformaldehyde.

With an optimized protocol, counterstained nuclei should be clearly delineated and
easily distinguishable, and TUNEL-positive nuclei should be brightly labeled. One
common problem concerns labeling of small fragments of DNA arising from fragmented
nuclei. As with differential labeling of blastocysts (see above), small clusters of frag-
mented DNA in close proximity can be scored as a single apoptotic nucleus, while small,
widely dispersed fragments should be ignored. As long as the analysis is performed
blinded, this is unlikely to bias the results. In any case, with whole-mount analysis, these
fragments tend to remain closely grouped rather than dispersed as when the embryo is
spread. Alternatively, quantitative image analysis could be performed in an attempt to
estimate the total signal arising from TUNEL. This, however, would negate some of the
advantages of the in situ whole-mount analysis.

Polar bodies are often TUNEL positive, and this must be borne in mind when
analyzing cleavage stage embryos because this is often the sole source of TUNEL signal.

5. CONCLUSION

There are a number of techniques available for the analysis of apoptosis in preimplan-
tation embryos, but the assessment of nuclear morphology remains the most reliable
single criterion. Future research will focus on the analysis of regulatory pathways and
on the biological consequences of failure in this regulation. The preimplantation mouse
embryo should prove to be an ideal model system for study of spatial and temporal as-
pects of apoptosis regulation during development.
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Protocol 19.1. PolyAPCR on single embryos

All lysis, tailing, and subsequent primary amplification are performed in the same tube
(see Brady et al. [73, 74]).

Embryo lysis and cDNA amplification

1. Transfer a single embryo in a minimum volume of culture medium to 4.5 ml com-
plete lysis buffer.

2. Add mineral oil overlay and heat to 65°C for 1 min before cooling to room tem-
perature for 3 min. Add 25 ml of reverse transcriptase (Superscript RNAseH-, Life
Technologies), incubate at 37°C for 15 min, heat inactivate at 65°C for 10 min,
then cool on ice.

3. Add 1 volume of tailing buffer (includes TdT enzyme) and incubate at 37°C for
15 min, heat inactivate at 65°C for 10 min, then cool on ice.

4. Carry out PCR amplification of the resultant poly A tailed cDNA by adding
2 volumes of primary PCR reaction mix in the presence of a Not1dT24 oligonucle-
otide primer (CATCTCGAGCGGCCGCTTTTTTTTTTTTTTTTTTTTTTTT).

5. Primary amplification: initial denaturation at 94°C for 2 min, 25 cycles of 1 min
at 94°C, 2 min at 42°C, 6 min at 72°C, linked to a further 25 cycles of 1 min at
94°C, 1 min at 42°C, 2 min at 72°C. The optimal MgCl2 concentration is deter-
mined empirically for every oligonucleotide primer preparation used.

6. Secondary amplification: 1 ml of primary PCR reaction is used as template in a
50-ml final reaction volume of secondary PCR mix; initial denaturation at 94°C
for 2 min and 50 cycles of 30 s at 94°C, 30 s at 54°C, and 30 s at 72°C. Both
primary and secondary amplifications should be subjected to electrophoresis and
the resultant 500–800 bp cDNA smears visualized.

7. Controls: Negative controls should be used. Lyse embryos and subject them to
the amplification protocol without reverse transcriptase to confirm the absence
of contaminating genomic DNA. Negative controls without embryo material
should also be processed in tandem with test samples to confirm absence of nucleic
acid contamination. Note. Sperm and cumulus cells should be processed as con-
trols in case of contamination.

Specific gene amplification protocol

For both test gene(s) used as internal standards and specific gene amplification, the
following protocols are applied:

1. All gene-specific primers were designed to amplify target sequences within 3–
500 bp of the polyadenylation tail using PRIMER version 0.5 (Whitehead Insti-
tute for Biomedical Research).

2. Use serial dilutions of secondary amplification products as templates in a stan-
dard PCR reaction to amplify b actin. For analysis of test genes, samples are
then normalized relative to the expression of b actin. A general PCR profile
would typically be an initial denaturation at 94°C for 1 min followed by 17 cycles
(b actin) or up to 40 cycles (rarer test genes) of 30 s at 94°C, 30 s at the annealing
temperature (established for each primer pair used), and 30 s at 72°C. Note. To
assess overall global cDNA yields and the extent of sample to sample variation,
it is useful to compare the level of a test gene to that of an abundant housekeep-
ing gene. For the analysis of preimplantation embryos, we have typically used
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b actin as the internal control. This methodology is sufficient for assessing rela-
tive levels of expression at different stages of development. If quantitative meth-
odology is required, then gene-specific PCR can be used, keeping in mind that
1–50 ng of the globally amplified cDNA is necessary to produce a product.

3. After gene-specific PCR 10 ml of the amplification products are visualized after
electrophoresis on a 2% agarose gel stained with ethidium bromide.

4. Partially sequence amplification products to verify identity using ABI Big dye
technology.

Solutions for polyAPCR

Protocol 19.2. Blastocyst TUNEL

All steps of the procedure can be carried out in round-bottomed Nunc 96-well plates
(Life Technologies), using one well for each group of embryos. This is particularly useful
when simultaneously processing several experimental groups of embryos. Drawn Pas-
teur pipettes with a 45° bend are useful for handling embryos in these dishes. Propidium
iodide is a DNA intercalating agent and a known mutagen, and the TUNEL (Tdt dUTP
Nick End Labelling) buffer contains cacodylate, which is hazardous; appropriate pre-
cautions should be taken when using these reagents, including wearing gloves.

1. Remove embryos from culture drops and wash in PBS/PVP four times.
2. Fixation: incubate in 3.7% paraformaldehyde/PBS (freshly prepared) for 1–2 h

at room temperature (RT) or overnight at 4°C. Note: DNA labeling is not par-
ticularly sensitive to fixation conditions. Paraformaldehyde can induce DNA
strand breaks in some tissues, but in mouse embryos there was no difference in
incidence of TUNEL labeling in embryos fixed at 1 h versus overnight (D. R.
Brison and R. M. Schultz, unpublished data). However, this variable should still
be controlled between experimental groups. It is not necessary to remove the
zona for this protocol.

3. Wash in PBS/PVP two times.
4. Permeabilization: incubate in 0.5% Triton X-100/PBS for 1 h at RT. Note: Lower

concentrations (0.1%) of Triton can be used for earlier embryos because there
are fewer cell membranes to be permeabilized.

5. Wash in PBS/PVP two times.

Buffer Components (optimal buffer concentrations determined empirically)

Lysis buffer 50 mM Tris.HCl, pH 8.3, 75 mM KCl, 3 mM MgCl2, 20 mM DTT, 40
mg/ml BSA, 0.5% NP40, 9.7 pM dNTPs, 23 pM oligo dT24, RNase
inhibitor 0.8 U/ml (Roche Biochemicals). Equivalent to 1.04× First
Strand Buffer (Life Technologies) + additional components

Tailing buffer 0.33 M potassium cacodylate, 6.7 mM CoCl2, 0.67 mM DTT, 0.16 mM
dATP, 0.45 ml rTdT (Life Technologies). Equivalent to 2.5× TdT
Buffer (Life Technologies) + additional components

Primary PCR reaction mix 22 mM Tris.HCl, pH 8.3, 6.3 mM MgCl2, 110 mM KCl, 2 mM dNTPs,
0.04 mg/ml BSA, 0.2% Triton X-100, 8.5 mM Not1dT24 oligonucle-
otide primer, 0.16 U/ml Taq polymerase (Roche Biochemicals).
Equivalent to 2.6× Taq Polymerase Buffer (Roche) + additional
components

Secondary PCR reaction mix 10 mM Tris.HCl, pH 8.3, 1.5 mM MgCl2, 50 mM KCl, 0.2 mM dNTPs,
2 mM Not1dT24 oligonucleotide, 0.025 U/ml Taq polymerase.
Equivalent to 1× Taq Polymerase Buffer (Roche) + additional
components

Standard PCR reaction mix 10 mM Tris.HCl, pH 8.3, 1.5 mM MgCl2, 50 mM KCl, 0.2 mM dNTPs,
1 mM forward primer, 1 mM reverse primer, 0.025 U/ml Taq
polymerase. Equivalent to 1× Taq Polymerase Buffer (Roche) +
additional components
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6. Positive control: at this point, incubate a few embryos in DNase for 20 min at
37°C and wash (PBS/PVP 2×) before proceeding with TUNEL labeling as below
(figure 19.6E, F). This acts as a control against inadequate permeabilization of
the embryo. Great care must be taken not to contaminate experimental embryos
or stock reagents with DNase.

7. Preincubate in 10–15 ml dUTP-FITC labeling mix 10 min at RT (optional). Note.
The TUNEL buffer should be thawed on ice in the dark and refrozen.

8. TUNEL labeling: Incubate in 10–15 ml of TUNEL mix 1 h/ 37°C in the dark.
Note: TdT is kept on ice, added in 1:9 ratio to TUNEL labeling mix.

9. Negative control: at this point, a few embryos are incubated in labeling mix minus
TdT instead of TUNEL (figure 19.6D). This acts as a control against nonspe-
cific background labeling. Then proceed with the rest of the protocol.

10. Wash with (0.5% Triton/PBS two times then with PBS/PVP once.
11. Nuclear counterstain (PI): wash in 1× RNase buffer. Note: The RNase treatment

is necessary to remove cytoplasmic RNA which might be labelled by PI, ob-
scuring nuclear labelling. The choice of nuclear counterstain is determined by
the fluorescence filters or confocal lasers available. DAPI or Hoechst can also
be used, with the advantage that they do not label cytoplasmic RNA and there-
fore RNase treatment is unnecessary.

12. Incubate in PI/RNase mix for 1 h at RT in the dark.
13. Wash with 0.5% Triton/PBS two times, then with PBS/PVP once.
14. Analysis for conventional fluorescence microscopy, embryos can be analyzed

immediately in drops of medium in plastic dishes or on glass slides, either in
whole mount or by disaggregating the embryo. For longer term storage and
analysis by confocal microscopy, embryos should be mounted as described in
the Protocol 19.3.

Protocol 19.3. Whole-mount confocal analysis

Fixed, permeabilized embryos can be mounted for long-term storage and analysis in
whole mount by confocal microscopy.

1. Wash embryos in groups of up to 20–30 through a dilution series of 25%–50%–
75%–100% Vectashield in PBS (10–15 min each step). Note: Vectashield is
glycerol based and contains a fluorescence antifade agent. This nonaqueous en-
vironment minimizes free radical generation and therefore reduces the rate at
which fluorescence fades. This allows the embryos to be stored for 2 weeks or
more before analysis. However, blastocysts placed directly into Vectashield will
collapse; gradual substitution of medium minimizes osmotic shock so that the
blastocyst will reexpand. Before mounting, the blastocyst must be completely
expanded with no folds in the TE for accurate confocal analysis of cell alloca-
tion. Great care must be taken with embryo handling because the embryos lose
all refractivity in glycerol and become nearly invisible; in addition, they will
float to the top of each dilution of Vectashield. When they have settled to the
bottom of the drop, they can be transferred to the next dilution.

2. Mount in 20–40 ml Vectashield. At least two slides should be prepared for each
experimental group.

3. Make vaseline posts at corners of coverslip; gently tap down so blastocysts are
trapped but not collapsed. Note: It is important that the blastocyst is not distorted
by too much pressure, but it must be trapped to minimize movement during
confocal scanning.

4. Seal edges of coverslip with nail varnish.
5. Label slides and cover with tape to allow experimental groups to be analyzed

blinded.
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6. Store foil wrapped at 4°C. Slides should be read within 1 week but are readable
for 3–4 weeks.

7. Confocal analysis: a complete Z series should be collected for each embryo, con-
sisting of 20–60 optical sections at intervals of a maximum of 3 mm, to ensure
that each nucleus in the blastocyst is sampled. A wide range of conventional
confocal microscopes or multiphoton imagers can be used for this analysis. We
have successfully used the Leica TCS 4D, MRC Bio-Rad 500, and a Bio-Rad
1024MP multiphoton imager with SpectraPhysics laser. Image processing can
be carried out using Leica TCS software, Confocal Assistant, or similar.

8. The different compartments of the blastocyst (ICM, pTE, and mTE) can be dis-
tinguished on the basis of nuclear position, shape, and staining in blastocysts with
intact morphology. ICM nuclei are positioned centrally and are large, rounded,
and stain lightly with PI. TE nuclei are smaller, flattened, stain more intensely,
and are arranged around the outside of the blastocyst in a single layer. pTE nuclei
are defined as those in contact with an ICM nucleus; mTE nuclei are those posi-
tioned at least one cell away from the nearest ICM nucleus (see figure 19.5).

9. For each compartment, total nuclei, mitotic figures, and apoptotic nuclei can be
counted. Apoptotic nuclei are identified on the basis of TUNEL and nuclear mor-
phology; mitotic figures are a marker of cell proliferation.

10. After image capture, the slides can be carefully disassembled and the embryos
can be individually disaggregated to perform manual nuclear counts by fluores-
cence microscopy.

Solutions for blastocyst TUNEL and confocal analysis
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1. ANALYSIS OF CYTOPLASMIC SIGNALING
IN THE EARLY EMBRYO

Eggs have often been used for the analysis of cytoplasmic signal transduction events as
well as the analysis of cell cycle events. This is because they have a distinct cell-cycle
arrest point as they await fertilization by sperm. As a result of fertilization, there is a
rapid transformation in the structure of the egg such that it becomes the zygote. These
structural changes are often triggered by activation of cytoplasmic signaling pathways
such as a calcium wave and/or propagation of a wave of kinase activity through the egg
cytoplasm.

Fertilization can be induced in eggs relatively synchronously because all of the eggs
are at the same, natural cell-cycle arrest point. However, at developmental stages after
fertilization, the events become increasingly asynchronous as natural variations in cell-
cycle progression accumulate within blastomeres of an embryo and between embryos.
Preimplantation embryos can be selected as they cross from one major developmental
state into another. For example, embryos that have just cleaved to form two-, four-, or
eight-cell embryos can be grouped together for selective developmental study. How-
ever, such embryos do not have natural cell-cycle arrest points, and any manipulations
that would halt the cell cycle progression at a particular stage would impede the devel-
opmental processes and damage the embryo.

Under these circumstances the best synchrony that can be obtained is through a com-
bination of embryo selection as they pass from one cleavage state to another and through
monitoring the time after cytokinesis to indicate when the embryos are at various stages
of the cell cycle. At any of these points, the organization of DNA can be determined by
staining with a membrane-permeable DNA dye, but the DNA staining procedure is best
used immediately before the embryos are processed for experimental analysis because
the dye could influence the progression of developmental events. Such a manipulation
can be used if the researcher intends to collect embryos that have entered M phase (e.g.,
at the four-cell stage). The DNA dye would clearly indicate which embryos had chro-
mosomes present and the investigator could hand select these embryos.
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We have developed a number of techniques to analyze the action of different cyto-
plasmic signal transducers in the egg, zygote, and preimplantation embryo, and these
procedures are presented in this chapter. A large number of cell cycle studies have been
conducted on mammalian eggs arrested at meiotic metaphase II, in part because resump-
tion of the cell cycle can be triggered synchronously by inducing a rise in intracellular
free calcium.

Historically, many researchers investigating fertilization have focused on the well-
known calcium signal that activates the egg, attempting to define how this signal is ini-
tiated by the penetrating sperm. A number of ideas have been put forward to explain
how the calcium signal originates, such as GTP binding proteins (1), receptor–ligand
interactions (2), and factors released by the penetrating sperm (3–5). Over time some of
these hypotheses have been abandoned, but others have received increased interest.
Although the calcium signal is the accepted initiator of egg activation events, the knowl-
edge that calcium acts at the top of a hierarchy of signaling events does not explain the
mechanistic basis of how the egg is converted into the zygote, nor does it define the
subsequent signaling events that regulate the conversion of the egg to the zygote after
sperm penetration.

Our own investigations have taken a quite different approach. We have sought to
determine the mechanisms that lie downstream of the calcium signal and how are they
regulated. We have successfully analyzed the regulation of several mechanisms that lie
downstream of fertilization and the accompanying calcium signal and have provided
evidence that these mechanisms are conserved among vertebrates that have the same
cell-cycle arrest points (e.g., between the amphibian, Xenopus, and mammals). Our re-
search on mammalian development has examined functions for protein kinase C (PKC)
and calcium/calmodulin-dependent protein kinase II (CaM kinase II) that act downstream
of the fertilization-induced calcium signal (6–9) and the functions of PKC during em-
bryonic compaction (9), and has included a number of structural studies of mammalian
fertilization and embryonic compaction (10–14). We have shown that these cytoplas-
mic signaling agents function within the three-dimensional space of the egg over time
to remodel specific components within the egg that are essential for proper cell cycle
resumption.

There is general agreement that the rise in intracellular free calcium inactivates MPF
(maturation promoting factor) by targeting cyclin B1 for degradation through a ubiquitin-
dependent pathway (5, 16, 17). PKC acts downstream of the calcium signal, and there
have been several studies demonstrating this activation at a biochemical or immunocy-
tochemical level in mouse and rat eggs (6, 18–21), although the specific isotypes of PKC
that act appear to differ depending on the study and species. Once activated, PKC ap-
pears to have several roles. Some studies have shown that PKC is involved with the
initial formation of the second polar body (22–24). Second polar body formation is a
two-step process with initiation occurring first (i.e., initial out-pocketing of cytoplasm),
followed by constriction of a contractile ring (23, 24). Gallicano et al. (6, 24) showed
that PKC participates in the initiation of the second polar body, but that, in the absence
of other signaling agents, the initiated polar body will be absorbed into the egg. Activa-
tion of PKC also causes cortical granule exocytosis in mammalian eggs (14, 21, 22, 25,
26); however, there is evidence suggesting that other calcium-dependent signaling path-
ways stimulate cortical granule exocytosis (27, 28) because PKC inhibitors cannot block
the fertilization-induced exocytosis of cortical granules. Activation of PKC can drive
the egg into an interphase state of the cell cycle as indicated by characteristics such
as the formation of pronuclei, the Golgi apparatus, and the pattern of protein synthesis
(18, 22, 23, 29, 30, 31), although this depends on the strain of mouse studied (32). Once
activated, PKC subsequently is cleaved to form protein kinase M [PKM] and PKM can
phosphorylate cytoskeletal elements in the interior of the activated egg (6).

Once the rise in intracellular free calcium occurs, another calcium-dependent path-
way is activated. CaM KII is activated in mammalian eggs (7, 8, 32, 33), and its activa-
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tion depends on the presence of both calmodulin and calcium (8). Although functions
of CaM KII have been demonstrated in eggs from other classes of organisms, there are
not many reports concerning CaM KII activation in mammalian eggs. One study with
mammalian eggs used an inhibitor of calmodulin, which should inhibit CaM KII, and
demonstrated delayed formation of the second polar body (34). This has been confirmed
by two studies that used an inhibitor that acts on CaM KII (32, 35). CaM KII accumu-
lates at the contractile ring of the forming second polar body (8), and at this location the
kinase is in its active state (7). In addition, CaM KII action is essential in the transition
from metaphase II to anaphase II (8, 32), and CaM KII also potentiates the action of
MAP (mitogen activated protein) kinase (7).

2. GENERAL HANDLING AND MANIPULATION
OF EGGS AND EMBRYOS

Mammalian eggs and preimplantation embryos are surrounded by an extracellular ma-
trix, the zona pellucida. The mouse egg has a diameter of about 60 mm, and with the
zona pellucida its diameter is about 80 mm. To handle such small specimens, we pull a
Pasteur pipette to a fine tip. This is done by heating the narrow part of the Pasteur pi-
pette over an alcohol lamp and pulling it to a much smaller bore at an angle of about at
a 140° from the long axis of the pipette. Using a forceps, the tip of the pulled pipette is
broken open in the area where it has a diameter of about 90–120 mm. The pipette is
connected to flexible tubing that is connected to a tuberculin syringe. Suction or pres-
sure is applied to the pipette by adjusting the position of the plunger within the syringe.
Before transferring specimens, fluid is drawn into the pipette to wet the glass walls, which
keeps the eggs or embryos from sticking to the walls. A small reservoir of media should
remain in the tip to avoid exposing the samples to the fluid–air interface. Eggs or em-
bryos should only be contained in the finely pulled portion of the pipette. Collecting
fluid beyond the bend in the pipette risks losing many of the eggs or embryos. It is safer
to transfer small lots of eggs or embryos rather than attempting transfer them all at once,
especially if transferring more that 20 eggs or embryos. Eggs or embryos are cultured
in 50–100 ml droplets under embryo-tested mineral oil in a tissue culture dish. Alterna-
tively, they can be cultured in organ-culture plates. Because of the small volume con-
tained in each of the droplets, the transfer pipette should be prefilled with media contained
in the recipient droplet; this will reduce the occurrence of media dilution in the recipi-
ent dish when the eggs are placed there.

The next major consideration is media. The ingredients used to create the embryo
handling media must be combined so that the ionic environment, osmolarity, and pH
resemble the maternal environment from which they came. We primarily use KSOM
(35–38), which is an optimized medium for the culture of the embryos in a CO2/mois-
ture incubator and to proceed beyond the two-cell block. We also use KSOM-H, which
contains HEPES to buffer the pH of the medium for short-term handling outside of the
incubator, including flushing of oviducts. The BSA in the KSOM-H is removed when
calcium ionophore is applied in experiments that activate eggs. (The media types re-
ferred in this section and following sections are listed in the protocols of this chapter.)

3. ACTIVATION OF EGGS WITH CALCIUM IONOPHORE

The egg is naturally activated when it is penetrated by the sperm. When the sperm and
egg membrane fuse, the mammalian egg undergoes a elevation of intracellular free
calcium ([Ca2+]i) that approximates 1 mM, followed by a series of calcium oscillations
of lower amplitude. Egg activation can be artificially induced by creating a rise in cal-
cium within the egg. This rise in [Ca2+]i activates the egg, and development proceeds
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normally for a period of time, albeit in the absence of a sperm nucleus. The reason that
one might chose to activate eggs rather than to fertilize eggs is that egg activation oc-
curs synchronously upon application of pharmacological agents that cause a rise in cal-
cium, whereas fertilization, which relies on the speed with which the sperm penetrates
the zona pellucida, is more asynchronous. Consequently, when one wants to investi-
gate events related to cell-cycle resumption within the first 20 min of egg activation,
and particularly in the first 5 or 10 min, the use of pharmacologic agents that cause a
rise in calcium provide a synchronously developing group of eggs.

4. KINASE ASSAYS

Kinase activity within the cell serves to mediate rapid, short-term changes in cells. This
is particularly true of cells that are in M phase of the cell cycle because rates of transla-
tion are reduced and the DNA is condensed in the form of chromosomes.

The action of kinases can be detected using biochemical assays where cells are lysed
in the appropriate milieu and a known substrate is added to the lysate along with radio-
labeled ATP. In such assays the amount of radiolabel can be measured after gel electro-
phoresis of the lysate. Such an assay does necessitate use of a specific substrate capable
of distinguishing between different kinases. Because a large protein is likely to have
many phosphorylation sites, a small peptide that has been designed to contain the con-
sensus phosphorylation sites for the kinase of interest is ideal for such studies. There is
an increasing number of these small peptide substrates that are commercially available.
Another approach to aid in identifying the action of specific kinase would be to add a
peptide or pharmacologic inhibitors that would block the action of kinases that are not
of interest. Again, many such inhibitors are commercially available. However, the in-
hibitor approach could be difficult to interpret if the inhibitors have pleoitrophic effects.
For this reason it is a good idea to conduct controls where both specific substrates as
well as inhibitors are tested in lysate reaction mixtures. Moreover, two structurally dif-
ferent inhibitors to the kinase being investigated should also be used as separate con-
trols. Both of these structurally different inhibitors should provide the same result.

Several companies offer assays kits for different kinases. A careful reading of the
protocol supplied by the company will often indicate that the company has supplied
components for an assay that activates all of a particular type of kinase in a cell (this is
done by adding a excess of activators and cofactors to the kit’s buffers). This is an ac-
ceptable approach if the goal is to determine if the kinase is present in the cell or if the
goal is to compare the relative amounts of all of that kinase in different populations of
cells. However, that approach will not inform the investigator about the change in ac-
tivity at different points in the cell cycle. There is no reason to anticipate that when a
kinase becomes active that all of that kinase in the cell becomes active. In fact, evidence
indicates that only a small amount of the specific kinase becomes active (7, 41). If work-
ing with a kit purchased from a company, it is important to identify the function of all
the components in the kit and omit the ones that activate all of the kinase so that the
investigator measures only the proportion of kinase in the cell that was active at the time
the lysate was prepared.

Recently it has become possible to purchase antibodies to a kinase when it is in its
active state. To make such “anti-active antibodies,” companies have taken advantage
of the fact that many kinases become phosphorylated at a specific site when they are
active, and they have thus designed the antibody to bind to that phosphorylation site on
the kinase. Thus, either by Western analysis or by immunocytochemistry, an investiga-
tor can monitor the amount or spatial distribution (the latter by immunocytochemistry)
of all of the kinase (i.e., the total kinase) with an antibody that binds a conserved loca-
tion on all forms of the kinase. Then the investigator can use a different antibody that
binds the phosphorylation site on the kinase and monitor the distribution of the active
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kinase (7, 41). Protocols 20.1–20.9 percent assays for the activity of the common isotypes
of PKC and CaM KII. Protocol 20.10 describes media.

5. CONCLUSIONS

The procedures presented here provide approaches for investigating short-term changes
in the cytoplasm of eggs and blastomeres that are mediated by cytoplasmic signaling
events. These approaches are possible due to technological advances such as the devel-
opment of peptide substrates, specific inhibitors, and sources of antibodies capable of
recognizing signaling agents within the cell. Each of these procedures have been pre-
sented as a set of manipulations that can stand alone. This allows investigators to com-
bine the protocols in the order appropriate to address a broad array of questions.

Protocol 20.1. Collection of mouse eggs and embryos

For experimental procedures we use the CD-1 strain of outbred mice. They are main-
tained on a 14-h light/10-h dark schedule.

1. Superovulate female mice between 6 and 8 weeks of age through the use of go-
nadotrophins. Superovulation allows the “scheduling” of ovulation so that one
can estimate the time of ovulation and synchronize several females. In addition,
through superovulation, a larger harvest of eggs or preimplantation embryos is
usually obtained. Inject female mice intraperitoneally (i.p.) with 5 IU pregnant
mare serum gonadotropin (PMSG), followed by an i.p. injection of 5 IU human
chorionic gonadotropin (hCG) 46–48 h later. Deliver the hormones in 0.1 ml sterile
sodium phosphate (0.1 M).

2. Remove unfertilized eggs within 13–15 h after hCG injection. As mouse eggs
age beyond 16 h after hCG injection, they become more prone to spontaneous
egg activation. Eggs arrested at meiotic metaphase II arrest are obtained from the
oviduct.

3. To remove the eggs, euthanize the female by cervical dislocation, place the mouse
on its back, and spray its ventral surface with 70% ethanol. Surgically open the
abdominal cavity with one set of forceps and scissors by cutting through the skin
and peritoneum at the pubic area, laterally toward the hip (on both sides) and then
upward until the side of the rib cage is reached. This flap of skin and peritoneum
is laid back over the thoracic cavity, and the intestinal viscera are pulled aside to
reveal the uterine horns. Using another set of fine forceps and scissors, grasp the
uterine horn near the oviduct and pull up and away from the body, exposing
mesometrium tissue that surrounds the ovary and oviduct. Insert scissors between
the uterine horn and fat to pull away the fat while moving the scissors toward the
ovary. The procedure also gently separates the ovary from the oviduct. Cut
the membrane that covers the oviduct and holds it in proximity to the ovary. Cut
the uterine horn close to the opposite side of the oviduct. The oviduct is handled
using this small piece of uterine horn. Place the oviduct in KSOM-H heated to
37°C until all oviducts are collected.

4. The meiotic metaphase II eggs are surrounded by cumulus cells to form the cu-
mulus mass. This cumulus mass is visible in the ampullary region of the oviduct,
when viewed with a dissecting microscope. Remove the cumulus mass by scor-
ing the oviduct near the mass with a tuberculin syringe needle and allowing its
extrusion with some gentle agitation of the oviduct. Using an unpulled Pasteur
pipette, draw up the cumulus masses in a minimal amount of medium and place
them in a dish containing 1.5 ml KSOM-H and 300 mg/ml hyaluronidase (Sigma
Chemical Company, St. Louis, MO.; the stock solution is made by reconstituting
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a vial with water to establish a 10 mg/ml solution and stored frozen) heated to
37°C. The cumulus masses can remain in the hyaluronidase for up to 5 min, but
to decrease the chance of parthenogenetic activation it is best to monitor the cells
as they come loose from the cumulus and transfer them immediately to the first
of three washes in KSOM-H (37°C).

5. If embryos are needed for experiments, place the female mice with a male after
injection with 5 IU hCG. Placement with the male can be delayed for 3–4 h to per-
mit the female to reach a more receptive state. The following morning, check the
female for a white mucous (vaginal) plug indicating that copulation has occurred.
The time point of fertilization is assumed to be at the midpoint of the dark cycle
and the morning in which the plug is detected is termed 0.5 days postcoitium (dpc).

6. Collect two-cell embryos on 1.5 dpc and four-cell embryos 8–12 h later. The eight-
cell embryos are collected the morning of 2.5 dpc, and by evening a morula stage
can be found.

7. Collect two-cell through eight-cell stage embryos by flushing the oviducts with
0.1 ml of KSOM. To do this a needle (26 or 30 G) is connected to a syringe filled
with KSOM-H is placed in the infundibulum, a cufflike structure of the oviduct
that before surgical manipulation is located next to the ovary. Flush the KSOM-H
through the oviduct, expelling the embryos at the distal end of the oviduct.

8. For morula- or blastocyst-stage embryos, remove the uterine horns intact with
the oviducts still attached. While holding the uterine horn over a dish of KSOM-H,
insert a syringe needle (26 or 30 G) into the horn at the cervical end and inject the
media, causing the horn to expand. The oviduct is then cut off, allowing the media
to irrigate the horn flushing out the blastocysts.

Notes: The health of embryos can sometimes be detected by visual inspection. Em-
bryos that appear grainy, pale, or ghostlike, have unevenly sized blastomeres, or have
an inappropriate number of blastomeres for the stage expected should not be used. When
working with unfertilized eggs, it is important that harvesting occurs before 16–18 h
after hCG injection because of the increased risk of parthenogenetic activation (39–41).

Protocol 20.2. Activation of eggs with calcium ionophore

Some investigators use a brief treatment with ethanol to allow calcium to enter the egg
from the surrounding medium. Presumably, ethanol destabilizes membrane structure,
allowing calcium to leak in, but other components could also pass through the destabi-
lized membrane. We use calcium ionophore A23187 in the free-acid form (Calbiochem.
Inc., La Jolla, CA).

1. Dissolve the ionophore in ethanol as a 10 mM stock and immediately aliquot into
microfuge tubes each containing 5 ml and store frozen until use. Titrate each new
lot to determine the minimum time and concentration necessary to activate > 90%
of the eggs.

2. Typically a 1 mM concentration of A23187, when exposed to eggs for 2 min, will
activate > 90% of the eggs, but this should be tested because it can vary between
supplier and lot. The treatment with calcium ionophore must be brief, otherwise
the ionophore becomes toxic to the cells. Remove excess calcium ionophore by
transferring the eggs through three washes of KSOM-H.

3. When conducting these manipulations to induce egg activation, the state of acti-
vation should be confirmed. Process a group of eggs and stain them with a DNA
stain such as DAPI or Hoechst to confirm whether the chromosomes have been
released from the arrest at meiotic metaphase II and are uniformly progressing
into anaphase II and that the spindle has rotated. Alternatively, you can also as-
sess whether the second polar body has been released, although sometimes this
is more difficult to observe.
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4. Allow a few eggs from the same group that has been processed to remain in
KSOM-H. If, at the end of the experiment, these eggs still remain at meiotic
metaphase II, then it is likely that the eggs that were used are healthy. In contrast,
if the eggs in this control have spontaneously activated, the entire experiment
should be discarded because this would indicate that the starting material was not
in an optimal state.

Protocol 20.3. Mounting living or cytologically fixed eggs/embryos

To immobilize eggs surrounded by their zona pellucida, we use coverslips coated with
polylysine. This treatment allows us to exchange the solution around groups of living
or cytologically fixed eggs. We also use this treatment to immobilize eggs that are going
to be viewed in a microscope so that they do not drift.

1. Clean slides and coverslips before use to remove excess debris that accumu-
lates through storage or manufacturing. Sonicate coverslips three times for
5 min each in acetone and then sonicate again three times for 5 min each in
deionizied water (by placing the coverslips in a glass beaker and placing the
beaker in a bath sonicator). Allow the coverslips to air dry on filter paper within
a laminar flow hood and place in a filter–paper–lined petri dish and cover. Wash
slides by soaking in 75% ethanol overnight and dry with lint-free tissue and
placed in a holding rack.

2. Make a 0.1% stock solution of polylysine (mw > 300,000; Sigma) in distilled wa-
ter, aliquote into Nalgene plastic tubes, and stored at –20°C until use. For use the
solution is thawed, briefly mixed, and 30 ml of 0.1% polylysine is thoroughly
spread over the coverslip with the tip of a microliter pipette. Allow the coverslips
to dry on a warmer set at 37°C. Coverslips left for a prolonged period should be
covered. Once dried, and immediately before use, place a few drops of 1× intra-
cellular buffer (ICB; without BSA or other sources of protein) over the polyl-
ysine surface.

3. Place eggs/embryos that have been prewashed in a protein/amino-acid–free me-
dium (e.g., PBS or ICB) onto the coverslip. Within 1 min the egg/embryos will
adhere to the slide/coverslip.

4. Treat specimens that are to be cytologically fixed through a two-step process: (a)
pipette fixative onto the eggs/embryos; because of the higher density the fixative
will displace the existing media and contact the specimens. (b) Remove excess
media and add more fixative for a better-preserved specimen. It is best to remove
as much excess media as possible so that the fixative is not diluted.

5. If the eggs/embryos are being processed for analysis by immunofluorescence
mount the coverslip on a slide as follows. From a syringe filled with a wax/grease
mixture (see Protocol 20.10 for composition and handling), place a small spot of
the mixture in each of the four corners of the coverslip. Add a drop of ICB to the
center of the coverslip over the eggs/embryos and gently place a clean slide over
the coverslip. Gentle pressure flattens the wax/grease spots but still holds the
coverslip apart from the slide so the eggs/embryos are not crushed. The space
between the slide and coverslip should be free of air pockets and completely filled
with ICB. Seal the coverslip to the slide with nail polish, which prevents move-
ment and evaporation of the ICB.

6. In addition to cytological fixation, living eggs can also be processed through dif-
ferent solutions while immobilized on the polylysine-coated slides/cover slips.
In this case, remove the medium by aspiration and add fresh medium by pipette.
If the coverslip was lifted out of the solution, the shear force that developed as
the specimen crossed the air–liquid interface would dislodge the specimen from
the coverslip.
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Notes: Polylysine will adsorb to glass, which reduces the concentration of free polyl-
ysine in the solution. To prevent this, store polylysine in nalgene tubes and handle with
nonadsorptive pipette tips. Do not transfer polylysine with a Pasteur pipette.

Protocol 20.4. Preparation of the detergent-resistant cytoskeleton

The use of detergent extraction enables analysis of the cytoskeleton at a structural and
biochemical level. Detergent extraction relies on the use of a nonionic detergent to re-
move the cell’s membranes, permitting the release of detergent-soluble components from
the cell. During biochemical analysis, the detergent-soluble fraction can be isolated from
the detergent-resistant cytoskeleton and analyzed separately. Once treated with the
detergent-extraction medium, the egg/embryo structural components can be viewed by
various forms of microscopy or by gel electrophoresis. The following is a procedure
for obtaining a detergent-resistant cytoskeleton and detergent-soluble fractions.

1. Wash eggs/embryos in PBS and transfer to the detergent-extraction media
(ICB made 1% with Tween-20 and 200 mg/ml with the protease inhibitor
4-(2-aminoethyl) benzenesulfonil fluoride Sigma A8456 [AEBSF]). Allow the
detergent extraction to proceed for 5 min at room temperature. (Prepare the AEBSF
as a 20 mg/ml stock in water and store for up to 2 months frozen.)

2. If the detergent-resistant cytoskeleton is going to be processed solely for micros-
copy, wash the eggs through fresh extraction medium and then apply the cyto-
logic fixative. If the eggs/embryos were transferred by pipette through these
solutions, they can be adhered to a polylysine-coated coverslip at this time or they
can continue to be processed by pipette through the various solutions (e.g., in
solutions with antibodies) and mounted to the coverslip just before observation
in the microscope (see Protocol 20.3 for specimen mounting).

3. If these fractions are going to be used for Western Blotting, pool fractions from
approximately 200 eggs into detergent-soluble and detergent-resistant fractions.
Chemiluminescence is needed to visualize a signal with this small number of eggs/
embryos.

4. To collect and pool the detergent-soluble fraction, collect the extraction medium
immediately after removal of the eggs/embryos and subject it to an organic pre-
cipitation by the addition of 4 volumes of ethanol (–20°C) and precipitate at least
24 h at –20°C. If replicate experiments need to be conducted to collect the 200
eggs, the soluble fractions can be pooled as precipitates, then transferred into a
single microfuge tube, the ethanol removed, and the pellet solubilized in 1× sample
buffer.

5. To collect and pool the detergent-resistant cytoskeletal fraction, transfer the eggs/
embryos directly into a small volume of 1× sample buffer and vortex, which will
solubilize the cytoskeletal components and the zona pellucida. As specimens are
pooled into the sample buffer, if the volume of the sample buffer increases be-
yond the appropriate level, concentrate this fraction (even after solubilization in
sample buffer) by ethanol precipitation described in step 4 and solubilize the
precipitate in the appropriate volume of 1× sample buffer.

Notes: To obtain consistent results, apply Tween-20 well above its critical micelle
concentration (we recommend use at 1%). Tween 20 is also light sensitive and should
be stored in the dark. Tween-20 stock solutions are stored at –20°C, which prevents
chemical degradation as well as bacterial growth in the stock solution. Studies in the
somatic cell literature often use 1% Triton X-100 for detergent extraction. However,
Triton X-100 has been found to destabilize the cytoskeleton of mouse eggs and em-
bryos (11). Because of this we have replaced Triton X-100 with Tween-20.

Eggs/Embryos that are exposed to the detergent-extraction medium for prolonged
periods of time will begin destabilization of the cytoskeleton as actin filaments and
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microtubules slowly begin to disassemble from their ends (in the absence of a pool of
soluble monomer). Thus, specimens should either be cytologically fixed or solubilized
in sample buffer soon after preparation at defined times for consistent results.

Detergent extraction works best on groups of cells that are only a few cell layers thick.
In multiple cell layers the outer layers will be exposed to the nonionic detergent well in
advance of the inner layers of cells, causing the extraction to be inhomogeneous.

The various solutions used during the detergent-extraction process have different
densities and can cause the eggs/embryos to translocate in the dish. When placing the
eggs/embryos into the detergent-extraction medium, it is best to place them on the bot-
tom of the dish within the medium. Care should be taken that the eggs/embryos do not
immediately float to the top because the air–medium interface may make them lyse.
This problem can be circumvented by placing the eggs/embryos onto a polylysine-coated
slide/coverslip before detergent extraction.

Protease inhibitors such as phenylmethyl sulfonyl fluoride (PMSF) or AEBSF block
proteases by sulfonating serine residues at the active site of the proteins. These sulfonating
groups can reduce or block enzyme function. If the purpose of the experiment is to
perform an enzyme assay or assay a metabolic event, then PMSF or AEBSF should not
be used. In this case we recommend the use of protease inhibitor cocktail that contains
1 mg/ml of each of the following protease inhibitors: pepstatin, aprotinin, chymostatin,
leupetin, and trypsin-chymotrypsin inhibitor.

Protocol 20.5. Immunocytochemistry

Eggs/embryos can be processed for immunocytochemistry either after detergent extrac-
tion to assess components associated with the cytoskeleton or as intact specimens. If
intact specimens are to be examined, the eggs/embryos must be permeabilized after
cytologic fixation to permit the antibodies to enter the cells (step 2 below).

1. First fix eggs/embryos in 2% paraformaldehyde fixative (ICB made 2% with
paraformaldehyde) for 30 min. In some cases the fixative is 2% paraformalde-
hyde and 0.1% glutaraldehyde; however, some antibodies will not bind if the
glutaraldehyde is present in the fixative.

2. If the specimen is fixed intact (rather than detergent extracted), treat the sample
with permeabilization medium (ICB made 2% with paraformaldehyde and 1%
with Tween-20 in 10× ICB) for 30 min.

3. Place the eggs/embryos through 3 washes of ICB-BSA (ICB made 1% with BSA)
at 15 min each.

4. Place the eggs/embryos in a primary antibody at the correct dilution (using
ICB-BSA) within a covered, multiwell plate and place on a rocker at 4°C
overnight.

5. The following morning rinse the eggs/embryos 4 times, 15 min each, in ICB-BSA,
then place into a secondary fluorophore-conjugated antibody at the appropriate
dilution (using ICB-BSA) and place on a rocker at room temperature for a mini-
mum of 1 h (or at 4°C overnight).

6. Wash eggs/embryos 2 times, 15 min each, in ICB-BSA and then wash 1 time for
15 min in 1× ICB. The last ICB wash contains the DAPI (0.5 mg/ml) to enable
visualization of the chromosomes.

7. Mount the eggs/embryos on polylysine-coated coverslips and seal as described
in Protocol 20.3 and view with a scanning laser confocal microscope.

Note: We recommend that a control be used where the first antibody is omitted from
the procedure. This should always be conducted to assure that the second antibody is
not artifactually binding to the specimen.
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Protocol 20.6. PKC assay

The activity of PKC can be assayed for at a biochemical level by providing both a sub-
strate and radiolabeled ATP and measuring phosphorylation of this substrate.

1. Lyse 3 eggs in 2 ml of collection buffer (PBS containing 1 mg/ml PVA, 5 mM
EDTA, 10 mM Na3VO4, and 10 mM NaFl) in a microfuge tube and flash-freeze
in liquid N2 to prepare a cell lysate.

2. Add the following reagents to individual microfuge tubes. The final concentra-
tions in a volume of 10 ml are shown:

• 100 mM KCl, 5 mM MgCl2, 10 mM EGTA, 20 mM HEPES (pH 7.6) to adjust
ionic conditions, pH, and chelate calcium

• 54 mM glycerophosphate and 14.5 mM p-nitrophenylphosphate as phosphatase
inhibitors from 100 mM and 50 mM stocks (kept frozen), respectively

• 1 mg/ml of each of the following protease inhibitors: pepstatin, aprotinin,
chymostatin, leupeptin, and trypsin-chymotrypsin inhibitor from 5 mg/ml
stocks (kept frozen)

• Kinase inhibitors: 2.4 mM PKI (protein kinase inhibitor KN-93), 10 mM ML-9,
75 mM genistein, to inhibit protein kinase A, myosin light-chain kinase, and
tyrosine kinase.

• 5 mCi [32P]-ATP (s.a. 6000 Ci/mM, Redivue, Amersham, Arlington Heights, IL).
• 5 mg MARCKS peptide (amino acids 151–175) as the peptide substrate
• 1.5 ml of cell lysate which contains the presumptive PKC.

3. React the kinase assay for 30 min at 37°C and stop by adding an equal volume of
2× concentrated SDS sample buffer for electrophoresis. The MARCKS peptide
can be viewed in 15% SDS-polyacrylamide gels after autoradiography. As con-
trols, incubate an aliquot of the same cell lysate in a reaction mixture identical to
that described for the experimental, except modify this reaction mixture to con-
tain both of the following PKC inhibitors: 200 mM PKCg (aa. 19–36) and 2 mM
bisindolylmaleimide I. These two PKC inhibitors should suppress any phosphor-
ylation due to PKC, consequently if any phosphorylation of MARCKS peptide is
present in the control lane, it suggests that there is activity of a kinase other than
PKC which can phosphorylate MARCKS peptide. PKCg and BIM are two struc-
turally unrelated PKC inhibitors that are highly specific for PKC. PKCg is a pep-
tide inhibitor that has the amino acids that constitute the pseudosubstrate domain
of PKC, whereas BIM is a pharmacologic inhibitor that attaches to PKC at the
ATP binding site on the kinase (42). When these PKC inhibitors are used, they
should be preincubated with the lysate (or reaction mixture without substrate) for
15 min to permit binding of the inhibitor to PKC.

Notes: EGTA is present in the reaction mixture to chelate calcium in order to mea-
sure the endogenous levels of PKC activity. This is because once PKC is activated, it no
longer requires calcium to remain active (43). Because homogenization of the cells is
likely to release calcium (albeit in varying levels in different homogenates) from se-
questered stores, a lysate made in the absence of a calcium chelator would be likely to
artifactually activate more PKC than was active just before to homogenization. To
measure the total amount of PKC, a specific amount of calcium in the form of calcium
chloride can be added to the homogenate.

Protocol 20.7. CaM KII assay

1. For each reaction, wash 5 eggs/embryos briefly in PBS and add them in 2 ml PBS
to the wall of a microfuge tube containing the kinase reaction mixture containing
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the following components at their final concentrations after the addition of sub-
strate and ATP (add the latter two components after making the lysate):

• 115 mM KCl, 5 mM 5,5'-diBrBAPTA (1,2,bis(-Aminophenoxy) ethane NNN'N'
tetraacetic acid), 2.1 mM CaCl2, 5.75 mM MgCl2 · 6H2O, 23 mM HEPES, pH
6.8. (This buffer adjusts the free-calcium level to 400 nM in the reactions with
the calcium/diBrBAPTA buffer. The ionic conditions and pH are adjusted with
the other components.)

• 240 mM b-glycerophosphate (Sigma), 120 mM p-nitrophenyl phosphate
(Sigma) are present as phosphatase inhibitors

• 1 mg/ml of each of the protease inhibitors aprotonin, Bowman-Birk inhibitors
(trypsin-chymotrypsin inhibitors), chymostatin, leupeptin, and pepstatin.

• 2.2 mM PKI (BIOMOL, Plymouth Meeting, PA), 75 mM genestein (BIOMOL),
10 mM ML-9 (BIOMOL), 200 mM PKCy are added as inhibitors of PKA,
tryosine kinase, myosin light-chain kinase, and PKC, respectively

2. Immediately spin down samples and flash-freeze by immersion in liquid N2. Keep
frozen in liquid N2 or store at –80°C until the kinase reaction is performed.

3. Thaw samples and add 10 mg Autocamtide-2 CaM KII peptide substrate
(BIOMOL) and 0.25 mCi [32P]-ATP (Amersham) to each tube.

4. Incubate complete reaction mixtures 30 min at 37°C in a heated microtube mixer
(Vortemp 56, Labnet, Woodbridge, NJ). Add 10 mM KN-93, a CaM KII inhibi-
tor, to otherwise identical reaction mixtures for controls at each time point. Pre-
incubated control (KN-93) samples 15 min at room temperature with gentle
agitation before adding of [32P]-ATP and substrate.

5. Stop reactions by adding an equal volume of 2× tricene sample buffer (#161-0744,
Bio-Rad, Hercules, CA) followed by mixing.

6. Run samples on precast Tris-tricine 16.5% polyacrylamide gels (#161-0922, Bio-
Rad). Finally, fix the gels, dry and expose to a phosphor screen for 12 h. Exposed
phosphor screens can be immediately scanned by a Molecular Dynamics Storm
840 Phosphorimager at 200 mm resolution. Bands corresponding to the molecu-
lar weight of Autocamtide-2 are then analyzed.

Protocol 20.8. Antiactive antibodies

Antibodies directed against the active forms of several different kinases now exist. Results
from experiments with antiactive antibodies can be compared with results obtained using
antibodies that can bind both active and inactive forms of the same kinase and can be
viewed by Western analysis and immunocytochemistry.

When using immunocytochemistry, comparisons usually have to be performed in
parallel batches of eggs/embryos because the active and inactive form of the antibodies
have been made from mice, thus preventing double labeling in the same cell. For West-
ern analysis we have found it useful to challenge with the antiactive antibody first, then
strip the gel and challenge with the antibody that binds both forms of the kinase. For
Western analysis we apply 75 eggs/embryos per lane, which can be monitored using
chemiluminance detection system.

Our laboratory has developed a cytological treatment of eggs/embryos that essen-
tially permeabilizes the structure yet keeps the basic cellular components intact. This
allows various proteins, ions, inhibitors, and activators within the cell to be introduced
(6). Below is a procedure using the permeabilized system to introduce antibodies for
immunocytochemistry. Note: The permeabilized system is created to view an egg/
embryo at a specific time in development. It is best to use various time points to get an
accurate representation of cellular activity during development.

1. Permeabilize eggs/embryos by immersion in modified ICB (100 mM KCl, 5 mM
MgCl2, 5 mM BAPTA, 20 mM HEPES, pH 6.8) made 1% with Tween-20 and
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1 mg/ml with each of the following protease inhibitors: aprotonin (Sigma), Bowman-
Birk inhibitors (trypsin–chymotrypsin inhibitors, Sigma), chymostatin (Sigma),
leupeptin (Sigma), and pepstatin (Sigma).

2. After permeabilization, briefly wash eggs/embryos in modified ICB without
Tween-20 to remove the detergent. Place the eggs/embryos into droplets of me-
dium containing the components to be flushed into the specimens. For example,
in experiments in which the ratio of calmodulin to free calcium is 1:4, this medium
contained 115 mM KCl, 5.75 mM MgCl2, 10 mM diBrBAPTA (tetrasodium salt,
Calbiochem, La Jolla, CA), 2.7 mM CaCl2, 0.25 mM calmodulin (Calbiochem),
1 mM ATP, 1 mM phosphocreatine, 50 mg/ml creatine kinase, 1 mg/ml of the
protease inhibitors listed above, and 23 mM HEPES, pH 6.8. We calculate the
concentration of free calcium adjusted with a calcium/diBrBAPTA buffer using
WinMaxChelator Ver. 1.0 (Chris Patton, Hopkins Marine Station, Pacific Grove,
CA). Adjust the ratio of calmodulin to free calcium by varying the calmodulin
concentration.

3. Apply kinase inhibitors, if used, by preincubation for 15 min in the modified ICB
medium (lacking Tween-20) and also include them in the complete flushing mix-
tures during incubation.

4. Incubate permeabilized specimens for at least 30 min at 37°C, then cytologically
fix with 2% paraformaldehyde in ICB, wash, and prepare for immunocytochem-
istry with antibodies or stained with Hoechst or DAPI to detect the configuration
of the meiotic spindle or chromosomes, respectively.

Protocol 20.9. Electron microscopy

It is difficult to obtain high-contrast images of mammalian eggs and embryos through
the conventional resin-embedded process for transmission electron microscopy of thin
sections. We have found that the level of contrast and cellular detail can be enhanced
by using one of the following procedures: (1) the addition of tannic acid (0.1%) to the
glutaraldehyde fixation step to increase the electron density of the specimen or (2) en
bloc staining with 2% aqueous uranyl acetate before embedding.

By adhering the egg/embryo sample to polylysine-coated slides/cover slips, the eggs/
embryos can be processed through the necessary solutions for embedding. Through the
dehydration steps, the solutions are transferred by rapidly pouring off most of the petri
dish contents into a waste beaker and applying a new solution to the corner of the plate.
Eggs/embryos are transferred off of the slide/coverslip by touching their zona pellucida
with a blunt object to release them. They are then transferred to an embedding mold.
For procedures that detail embedding in a removable medium and preparation of
embedment-free sections, see Capco (44), and for those describing embedding in plas-
tic resin, see Capco et al. (10).

Protocol 20.10. Media

KSOM and KSOM-H

KSOM KSOM-H
(g)a (g)a  Concentration

NaCl 1.39 1.39 95 mM
HEPES 0 1.2 (0.02 M) 0.02 mM
NaHCO3 0.525 0.084 25 mM/4.0mM
Na lactate 0.28 (214 ml) 0.28 (214 ml) 10 mM
Na pyruvate 0.0055 0.0055 0.2 mM
KCl 0.0465 0.0465 2.5 mM
CaCl2·2H2O 0.06275 0.06275 1.71 mM
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10× Intracellular buffer

37.3 g KCl (1000 mM)
5.1 g MgCl2 (50 mM)
23.9 g HEPES (200 mM)

Add 125 ml of EGTA from a solution of 200 mM (pH 8.0) to make 50 mM. Bring to
a final volume of 500 ml using distilled water (pH 6.8). Do not freeze this solution.

10× PBS

80 g NaCl
2 g KCl
11.5 g Na2HPO4

2 g KH2PO4

Bring to a final volume of 1 l using distilled water (pH 7.35).

10% Paraformaldehyde

Under a hood fill small Erlenmeyer with 17 ml distilled water and add stir bar. Warm
water to 70°C and add 2.0 g paraformaldehyde and 1–2 drops of 10 N NaOH. Once
dissolved, bring to a final volume of 20 ml. Filter and store at 4°C up to 6 months.

Paraformaldehyde fixative (5 ml final volume; 2% paraformaldehyde in ICB)

1.0 ml 10% paraformaldehyde
0.5 ml 10× ICB
3.5 ml distilled water

Permeabilizing medium for histochemistry (5 ml final volume; 2% paraformaldehyde,
1% Tween-20 in ICB)

1.0 ml 10% paraformaldehyde
250 ml 10% Tween-20
0.5 ml 10× ICB
3.25 ml distilled water

Detergent-extraction medium (5 ml final volume)

500 ml 10× ICB
500 ml 10% Tween-20
3.95 ml distilled water
50 ml AEBSF (light sensitive; add just before use)

ICB-BSA for antibody wash (50 ml final volume; 1% BSA in ICB)

0.45 g BSA
4.5 ml 10× ICB
45 ml distilled water

Store at 4°C up to 2 weeks.

KH2PO4 0.0119 0.0119 0.35 mM
MgSO4·7H2O 0.0123 0.0123 0.20 mM
Glucose 0.009 0.009 0.20 mM
Penicillin 0.015 0.015 100 Ug/ml
Streptomysin 0.0125 0.0125 50 mg/ml
BSA 0.25 0.25 1 g/L
L-glutamine 0.0365 0.0365 1.0 mM
EDTA 0.0009 0.0009 0.01 mM
Phenol red 0.002 0.002 0.023 mM

From Lawitts and Biggers (35)

aFinal volume 250 ml.
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Freezing medium for PKC assay (10 ml final volume)

1 ml 10× PBS
6 ml distilled water
0.01 g PVA (1mg/ml)
0.01861 g EDTA (5mM)
0.03804 g EGTA (10mM)
0.01839 g Na3VO4 (10mM)
0.00419 g NaF (10mM)

Bring to a final volume of 10 ml using deionized water.

Wax droplets

Wax droplets are made from a mixture of 1 part histological paraffin and 10 parts com-
mercial petroleum jelly. The paraffin is melted in a histological oven until molten, at
which point warmed petroleum jelly is slowly mixed in. While the mixture is still in a
liquid state, draw up the wax mixture using a 10-ml syringe. When using the wax-filled
syringes for mounting slides, flame the needle (18–20 G needles work best) to warm
the wax, quickly wipe off the burned wax, then press out small droplets of wax onto the
prepared coverslip. As the needle cools, it will become difficult to press the wax out. At
this point flame the needle again; and repeat the above steps until all coverslips have
been prepared.

References

1. Williams, C. J., Mehlmann, L. M., Jaffe, L. A., Kopf, G. S., and Schultz, R. M. (1998). Dev.
Biol., 198, 116.

2. Cho, C., Bunch, D. O., Faure, J.-E., Goulding, E. H., Eddy, E. M., Primakoff, P., and Myles,
D. G. (1998). Science, 281, 1857.

3. Parrington, J., Swann, K., Shevchenko, V. I., Sesay, A. K., and Lai, F. A. (1996). Nature,
379, 364.

4. Wu, H., He, C. L., and Fissore, R. A. (1998). Mol. Reprod., Dev. 49, 37–47.
5. Yanagimachi, R. (1998). Hum. Reprod., Suppl. 1, 87.
6. Gallicano, G. I., McGaughey, R. W., and Capco, D. G. (1995). Dev. Biol., 167, 482.
7. Hatch, K. R. and Capco, D. G. (2001). Mol Reprod. Dev., 58, 69.
8. Johnson, J., Bierle, B. M., Gallicano, G. I., and Capco, D. G. (1998). Dev. Biol., 204, 464.
9. Pauken, C. M., and Capco, D. G. (1999). Mol. Reprod. Dev., 54,135.

10. Capco, D. G., Gallicano, G. I., McGaughey, R. W., Downing, K. H., and Larabell, C. A.
(1993). Cell. Motil. Cytoskel., 24, 85.

11. Gallicano, G. I., McGaughey, R. W., and Capco, D. G. (1991). Cell. Motil., 18, 143.
12. Gallicano, G. I., McGaughey, R. W., and Capco, D. G. (1992). J. Exp. Zool., 263, 194.
13. Gallicano, G. I., Larabell, C. A., McGaughey, R. W., and Capco, D. G. (1994). Mech. Dev.,

45, 211.
14. Schwarz, S. M., Gallicano, G. I., McGaughey, R. W., and Capco, D. G. (1995). Mech. Dev.,

53, 305.
15. Liu, L., and Yang, X. (1999). Biol. Reprod., 61, 1.
16. Lorca, T., Galas, S., Fesquet, D., Devault, A., Cavadore J.,-C. and Dorèe, M. (1991). EMBO

J. 8, 2087.
17. Moos, J., Xu, Z., Schultz, R. M., and Kopf, G. S. (1996). Dev. Biol., 175, 358.
18. Gallicano, G. I., Yousef, M. C., and Capco, D. G. (1997). Bioessays, 19, 29.
19. Luria, A., Tennenbaum, T., Sun, Q. Y., Rubinstein, S., and Breitbart, H. (2000). Biol. Reprod.,

62, 1564.
20. Raz, T., Eliyahu, E., Yesodi, V., and Shalgi, R. (1998). FEBS Lett., 431, 415.
21. Raz, T., Ben-Yosef, D., and Shalgi, R. (1998). Biol. Reprod., 58, 94.
22. Colonna, R., Tatone, C., Malgaroli, A., Eusebi, F., and Mangia, F. (1989). Gam. Res., 24,

171.
23. Gallicano, G. I., Schwarz, S. M., McGaughey, R. W., and Capco, D. G. (1993). Dev. Biol.,

156, 94.
24. Gallicano, G. I., McGaughey, R. W., and Capco, D. G. (1997a). Mol. Reprod. Dev., 46, 587.



312 A LABORATORY GUIDE TO THE MAMMALIAN EMBRYO

25. Endo, Y., Schultz, R. M., and Kopf, G. S. (1987). Dev. Biol., 119, 199.
26. Sun, Q. Y, Wang, H.-H., Hosoe, M., Taniguchi, T., Chen, D.-Y., and Shioya, Y. (1997).

Dev. Grow. Diff., 39, 523.
27. Ducibella, T., and LeFevre, L. (1997). Mol. Repro. Dev., 46, 216.
28. Raz, T., Skutelsky, E., Amihal, D., Hammel, I., and Shalgi, R. (1998c). Mol. Reprod. Dev.,

51, 295.
29. Colonna, R., Tatone, C., Francione, A., Rosati, F., Callaini, G., Corda, D., and DiFrancesco, L.

(1997). Mol. Reprod. Dev., 48, 292.
30. Endo,Y., Kopf, G. S., and Schultz, R. M. (1986). J. Exp. Zool., 239, 401.
31. Moses, R. M., and Kline, D. (1995). Dev. Biol., 171, 111.
32. Moore, G. D., Kopf, G. S., and Schultz, R. M. (1995). Dev. Biol., 170, 519.
33. Winston, N. J., and Maro, B. (1995). Dev. Biol., 170, 350.
34. Xu, Z., Abbott, A., Kopf, G. S., Schultz, R. M., and Ducibella, T. (1997). Biol. Reprod., 57,

743.
35.  Lawitts, J. A., and Biggers, J. D. (1992). Mol. Reprod. Dev., 31, 189.
36. Erbach, G. T., Lawitts, J. A., Papaioannou, V. E., and Biggers, J. D. (1994). Biol. Reprod.,

50, 1027.
37. Ho, Y., Wigglesworth, K., Eppig, J. J., and Schultz, R. M. (1995). Mol. Reprod. Dev., 41,

232.
38. Summers, M. C., McGinnis, L. K., Lawitts, J. A., Raffin, M., and Biggers, J. D. (2000).

Human Reprod. 15, 1971.
39. Moses, R. M., and Kline, D. (1995). Dev. Biol., 171, 111.
40. Moses, R. M., and Masui, Y. (1995). Zygote, 3,1.
41. Shapiro, P. S., Vaisberg, E., Hunt, A. J., Tolwinski, N. S., Whalen, A. M., McIntosh, J. R.,

and Ahn, N. G. (1998). J. Cell Biol., 142, 1533.
42. Davis, P., Hill, C., Lawton, G., Nixon, J., Sedwick, A., Wadsworth, J., Westmacott, D., and

Wilkinson, S. (1989). FEBS Lett. 259, 61.
43. Ashendel, C. (1985). Biochim. Biophys. Acta, 822, 219.
44. Capco, D. G. (1993). In Polyethylene Glycol as an Embedment for Microscopy and His-

tochemistry, K. Gao, ed., p. 97. CRC Press, London.



21

SUSAN E. LANZENDORF
CATHERINE A. BOYD

DIANE L. WRIGHT

Human Embryonic Stem Cells

313

1. ISOLATION AND PRODUCTION OF EMBRYONIC STEM CELLS

In 1981, Evans and Kaufman (1) described the technique for isolating embryonic stem
(ES) cell lines from mouse blastocysts. In this procedure, the inner cell mass is used to
give rise to an undifferentiated cell line capable of indefinite proliferation in vitro. ES
cell lines are also pluripotent, meaning that under the appropriate conditions, they can
undergo differentiation to give rise to any cell type in the body. This potential can be
demonstrated in vivo by injection into mouse blastocysts to create chimeras or by graft-
ing to an ectopic site, such as the testis, to form teratomas. In the absence of cytokines
that prevent differentiation, ES cells form embryoid bodies in vitro, structures that con-
tain the three primary germ layers.

ES cell lines have also been produced in other animal models, including the chicken
(2), hamster (3), and pig (4). In primates, ES cell lines have been produced in the common
marmoset (5), rhesus monkey (6), and human (7–9). The evolution of primate ES cell
research raises hope that these cells may one day form the basis of revolutionary cell thera-
pies for tissue degeneration in chronic disease (e.g., diabetes mellitus, Parkinson’s dis-
ease) or after necrosis/apoptosis (e.g., ischemic heart disease, bone marrow irradiation).

The methods for producing ES cells involve development to the blastocyst stage
followed by removal of the zona pellucida, isolation of the inner cell mass using im-
munosurgery, and maintenance of the cell line in vitro in an environment that prevents
spontaneous differentiation. As in the mouse model, primate ES cell lines have been
co-cultured with primary mouse embryonic fibroblasts (PMEFs) that have been treated
to make them mitotically inactive. The PMEFs secrete leukemia inhibitory factor (LIF),
a cytokine that has been shown to prevent differentiation of ES cell lines in the mouse,
but the requirement needs further definition in other species (10).

To verify the pluripotential characteristics of an ES cell line requires rigorous test-
ing of the phenotype. To ensure that the cell lines have not differentiated, samples must
stain positive for alkaline phosphatase, and, in the primate, they must express the stage-
specific embryonic antigen (SSEA)-4 (7–9). Investigators have also used other specific
cell-surface markers such as SSEA-3, TRA-1-60, and TRA-1-81 to verify an undiffer-
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entiated status for primate cell lines (5–7). In addition, as with other immortal cell lines,
ES cell lines should express high levels of telomerase (7), the ribonucleoprotein involved
in stabilizing telomeres and preventing senescence (11).

When removed from the presence of LIF, mouse ES cells begin the initial stages of
differentiation to form embryoid bodies, which are cell aggregates containing the three
germ layers, the mesoderm, endoderm, and ectoderm. There are reports (5, 6) that pri-
mate ES cells differ in their ability to form embryoid bodies during initial differentia-
tion in vitro. In the nonhuman primates, embryoid body formation was not mentioned
in the rhesus monkey (6), but it was reported in cell lines originating from the marmo-
set (5). Reubinoff et al. (8) reported that their human ES cell lines did not demonstrate
embryoid body formation, but could, under extended culture, produce multicellular
aggregates. Lanzendorf and co-workers (unpublished data), have also observed similar
cellular aggregates and the possibility that these are the same as embryoid bodies should
be investigated. These differences may be due to variations in culture techniques or
reporting methods. In all primate species reported to date, the xenotransplantation of
ES cells into immunodeficient SCID mice have produced teratomas histopathologically
made up of tissues from all three germ layers, providing strong evidence of the pluripo-
tentiality of undifferentiated cell lines (5–8).

In most ES cell models, the inner cell mass is isolated from the in vivo-fertilized
embryo flushed from the uterine cavity. The exception to this is human ES cell lines,
where the embryos are fertilized in vitro and inner cell mass isolation is performed on
fresh embryos (7–9) or thawed embryos after cryostorage (7). It is unclear if cryo-
preservation of an embryo before use for generating an ES cell line decreases its poten-
tial, comparative studies of fresh and frozen embryos have not been performed. Most
likely, cryopreservation decreases the numbers of viable embryos available for inner
cell mass recovery due to cell death during freezing and thawing.

Currently, ES cells are propagated on fibroblast feeder-layers to prevent differentia-
tion of the cell lines. The use of feeder-layers in the culture system poses many techni-
cal problems, including added quality control and quality assurance, difficulty assessing
cell quantities and viability, and, because the feeder cells are from another species, risk
of viral contamination across species.

PMEFs are used as the feeder layers because they synthesize and secrete LIF into the
culture medium. PMEFs also provide an extracellular matrix that has been shown to
associate with an immobilized form of LIF (12). However, studies have been performed
that allow mouse ES cell lines to be established and propagated without a fibroblast feeder
layer. Two early studies demonstrated the use of media previously conditioned with
feeder layers to prevent mouse stem cell differentiation (13, 14). Another approach is
to use an extracellular matrix produced by growing fibroblasts for a few days and then
removing them with a lysis buffer (10). The ES cells are then grown on the extracellu-
lar matrix in the presence of soluble LIF.

Previous studies performed with primate ES cells demonstrate the need for some type
of subcellular matrix to prevent differentiation as well as to optimize spontaneous dif-
ferentiation. Reubinoff and co-workers (8) reported that the spontaneous differentia-
tion of human ES cells could be accelerated by prolonging culture to up to 7 weeks
without replacing the feeder layer. In both the human and nonhuman models, investi-
gators report that removal of the feeder layer during differentiation will sometimes re-
sult in decreased survival and cell death (8, 12).

The techniques and protocols (Protocols 21.1–21.14) are those currently used for the
initiation and propagation of human embryonic stem cell lines at our institution. We
began using these methods in 1997 when little was known about human ES cell lines.
Therefore, many of the protocols are modifications of those reported in the mouse model.
Over the years and through trial and error, we have developed these protocols for our
specific research needs. However, the field of ES cell research is growing rapidly, and
new techniques and improved culture conditions are being reported everyday.
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2. TECHNIQUES

2.1 In Vitro Fertilization and Embryo Culture

Previous reports of human ES cell line production have described the use of fresh em-
bryos donated after in vitro fertilization (7, 8), embryos produced by donated gametes
(9), or cryopreserved embryos donated by infertile couples (7). Human ES cell line
production is unique from that of other species because the embryos are fertilized in
vitro instead of flushed from the uterine cavity. Regardless of where the embryos origi-
nate, one could assume that embryos of higher quality will result in better or more ES
cell lines, as in the case of pregnancy after embryo transfer. Therefore, optimization of
in vitro conditions for development to the blastocyst stage should be performed as for
clinical in vitro fertilization. If you are working in a laboratory that is not associated
with a clinical program, you may want to evaluate the surrounding environment to en-
sure there are no contaminants that may adversely affect embryo quality (15, 16).

When donated by infertile couples, embryos will typically be cryopreserved, and the
thaw procedure used will depend on how the embryos were frozen. Some clinical pro-
grams may also use specific culture requirements that will need to be followed when
the embryos are thawed. If embryos are obtained from another facility, request copies
of the thaw and culture procedures. It is our experience that the quality of the inner cell
mass (ICM) will determine the initial quality of a cell line (Figure 21.1). Embryos are
evaluated using the grading system presented in Table 21.1. With fresh embryos, we
have found that blastocysts with compact, round ICMs (grades A and B) result in the
highest numbers of human ES (hES) cell colonies after isolation. Also, when an ICM
can be visualized before treatment, as with embryo grades 1 and 2, about 87% of the
ICMs can be recovered after immunosurgery. When they cannot be visualized (grade
3), only about 10% of the embryos will contain a viable ICM. However, we have ob-
tained a viable ICM from a grade-3 embryo, and after plating, the ICM did form a stem
cell colony. Therefore, it may be worthwhile to perform immunosurgery on all blasto-
cysts, even those without a visible ICM.

Figure 21.1. Grading system used to evaluate inner cell mass in expanded human blastocysts
(see table 21.1). (a). Grade A ICM (arrow); (b). grade B ICM demonstrating small area of de-
generation (arrow); (c). grade C ICM (arrow) photographed from above; (d). grade D ICM (arrow).
All photographs: original magnification × 400.
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2.2 Removal of the Zona Pellucida

The first step in isolating the ICM is to remove the zona pellucida from the blastocyst.
This can be achieved by briefly exposing the embryo to acidified tyrodes medium or a
Pronase solution or by allowing the embryo to complete hatching on its own. We have
found that performing laser hatching on day 2 or 3 of culture facilitates hatching in vitro.
We have not noted any difference in cell-line derivation between embryos treated with
Pronase or acidified tyrodes medium or those that hatch unassisted. However, when
possible, we prefer not to expose the embryos to any conditions that may affect their
potential to develop into a stem cell line.

2.3 Isolation of the Inner Cell Mass

In mouse cells, the ICM can be isolated by allowing the trophoblast to attach and spread
out on the bottom of the culture dish. The ICM forms on top of the trophoblast and can
be pushed off with a pipette and used to generate a cell line (17). In human cells, it is
often difficult to visualize the ICM within the attached and growing trophoblast and to
recover it without also collecting trophoblast cells that may contaminate the cell line
(Figure 21.2). For this reason, immunosurgery is used to isolate the ICM by destroying
the cells of the trophoblast with an antibody (Figure 21.3). Using rabbit antimouse spleen
serum, Solter and Knowles (18) successfully isolated the mouse ICM. Exposure of the
blastocyst to the antiserum, followed by guinea pig complement, destroyed all of the tro-
phoblastic cells but not the ICM. Because subsequent exposure of the isolated ICM to
antiserum also resulted in its destruction, the authors suggested that the immunoglobulin
molecules are too large to pass through the tight junctions between the trophoblastic cells
(18). Human ES studies involving immunosurgery have used rabbit antiserum to BeWo
cells (7, 9) and antihuman serum antibody (8).

In our laboratory, an antibody was prepared by intravenously injecting 1–2 × 107

BeWo cells, a human choriocarcinoma cell line (CCL-98; ATCC, Rockville, MD) into
a New Zealand white rabbit in 0.5 ml PBS every 14 days for a total of three injections.
With the exception of BeWo cell line expansion, all procedures were performed by
Strategic BioSolutions (Newark, DE). A test bleed was performed 14 days after the last
immunization, and the serum was evaluated for its ability to lyse BeWo cells in culture
and the appropriate dilution for use determined. The animal was then euthanized and
the serum collected and stored at –80°C.

2.4 Cell Line Expansion and Prevention of Differentiation

Once an hES cell line has been established, the next goal is to propagate the line to obtain
sufficient numbers for experimentation and cryopreservation. To do this, one must pro-

 Table 21.1. Grading System Used to Evaluate Human Blastocyst-Stage Embryos

Grade Description

1 Expanded blastocyst, ICM visible, no areas of degeneration or bodies within blastocoel
2 Expanded blastocyst, ICM visible, areas of degeneration visible and/or bodies within

blastocoel
3 Expanded blastocyst, ICM not visible, no or various amounts of degeneration or inclusions

Within the expanded blastocyst, the inner cell mass is graded as follows:

A ICM is compact and clear, no dark cells; ICM is shaped like a ball
B Same as A but with a small amount of dark cells
C ICM is visible but is not compact; it is spread across the inside of the trophoblast; ICM

appears flat, there are no dark cells
D Same as C but with dark cells
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vide the cell lines with an environment that allows for cell growth but at the same time
prevent the cells from differentiating. One method is to grow the cells on primary mouse
embryonic fibroblasts (PMEFs) that have been mitotically inactivated using either
g-radiation or treatment with mitomycin-C (17). After inactivation, the PMEFs are seeded
with the hES cells and should support their growth for about 7 days, at which time the
hES cells should be replated to fresh PMEFs. It remains unclear if the cytokine LIF must
be added to the medium when PMEFs are used as the substrate (19). The PMEFs syn-
thesize and secrete LIF into the culture medium, and many researchers  eliminate LIF
from their media for ES culture (20, 21).

Another advantage the PMEFs provide is an extracellular matrix on which the hES
cells can grow. However, the use of PMEFs to provide the matrix presents many prob-
lems, including the risk of cross-species viral contamination. Xu and co-workers (22)
demonstrated that undifferentiated hES cells could be maintained on the artificial matrix
Matrigel (Becton Dickinson, Bedford, MA) provided the culture medium was previ-
ously conditioned on PMEFs. Four human cell lines were evaluated, and the investiga-
tors reported that all lines could be maintained for a least 130 population doublings (22).

Figure 21.2. Photomicrograph of human ICM plated along with the trophoblast. The cells of
the trophoblast have overgrown the colony, and it is no longer possible to distinguish the cells of
the ICM. Original magnification × 400.

Figure 21.3. Isolated human ICM (black arrow) after immunosurgery. Degenerate cells of the
trophoblast (white arrow) can be seen adhered to the ICM. Original magnification × 400.
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The hES cell lines also maintained normal karyotypes, high telomerase activity, and
expressed the appropriate cell-surface markers for undifferentiated human ES cells.

As in the mouse model (17), hES cell lines were initially cultured in DMEM (high
glucose) supplemented with 20% FBS, 1 mM glutamine, 0.1 mM b-mercaptoethanol,
and 1% nonessential amino acid stock. However, there has been a recent movement
toward culture under more defined conditions and researchers now report the use of an
optimized DMEM (KnockOut DMEM; Invitrogen, Carlsbad, CA) and a serum replace-
ment (Knockout Serum Replacement, Invitrogen). The information provided by Invitro-
gen (www.invitrogen.com) states that the Knockout D-MEM is optimized for growth
of undifferentiated ES cells and that the Knockout Serum Replacement is a serum-free
formulation that has been evaluated for its ability to support the undifferentiated growth
of ES cell colonies on PMEFs.

2.5 Assessment of Human ES Cell Lines

In the mouse model, a set of criteria has been developed to ensure that an ES cell line is
truly an undifferentiated line of embryonic origin. When Thomson et al. (7) reported
the production of the first human ES cell lines, this set of criteria was modified to fit the
special needs of the human model (Table 21.2).

As in the other animal models, an hES cell line must be derived from a preimplanta-
tion embryo. There are other types of cell lines that demonstrate similar characteristics
to ES cells lines, including embryonic germ (EG) cells, derived from the primordial germ
cells of the fetus, and embryonic carcinoma (EC) cells, derived from testicular or ova-
rian teratocarcinomas. However, EG cell lines have a lower capacity for undifferenti-
ated proliferation, whereas EC cell lines are more limited in what they can be directed
to differentiate into and often contain subtle chromosomal abnormalities (23).

An hES cell line will display a characteristic morphology. The individual cells of a
colony will have a high ratio of nucleus to cytoplasm, prominent nucleoli, and distinct
cell borders. The colonies will have distinct boundaries around them, making them easy
to differentiate from the surrounding PMEFs (Figure 21.4).

Embryonic stem cells of all species must be capable of prolonged, undifferentiated
growth. For culture with PMEFs, hES cells will typically require replating to fresh PMEFs
every 7–11 days to maintain the undifferentiated state. Overextending this timeframe
on the same PMEFs will initiate spontaneous differentiation. Also, it is not uncommon
for some colonies to display areas of differentiation, and, if this occurs, care should be
taken to not include the differentiating cells when the colonies are replated.

Because ES cells are pluripotent and can theoretically develop into any cell type, an
ES cell line should be capable of forming derivatives of all three embryonic germ layers—
the endoderm, ectoderm, and mesoderm. Previous studies with hES cell lines demon-
strated this ability by injecting the undifferentiated cells into severe combined

Table 21.2. Criteria for the Assessment of Human Embryonic Stem Cell Lines

1. Derived from a preimplantation stage embryo.
2. Morphology includes a high ratio of nucleus to cytoplasm, prominent nucleoli, and distinct cell

borders.
3. Demonstrates numerous cell passages without undergoing differentiation.
4. Capable of forming derivatives of all three embryonic germ layers (endoderm, ectoderm and

mesoderm).
5. Expresses high levels of telomerase activity.
6. Expresses cell-surface markers that characterize an undifferentiated line, such as alkaline

phosphatase and SSEA-4.
7. Demonstrates normal karyotypes through frequent passages.
8. Capable of cryostorage.

www.invitrogen.com
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immunodeficient mice to produce teratomas. Histological evaluation of these teratomas
demonstrated the presence of many different cell types including gut epithelium (endo-
derm), muscle (mesoderm), and neural epithelium (ectoderm) (7, 8). Another method
for demonstrating a cell line’s potential for development in vivo is to allow the cells to
begin the differentiation process in vitro and then evaluate the cells with markers for
the germ layers. For example, polyclonal antibodies S-100 (DAKO Corporation,
Carpintera, CA) will identify neural crest derivatives and ectoderm and a-1-fetoprotein
(DAKO) identifies endoderm (Figure 21.5a), whereas the monoclonal antibody to muscle
actin (DAKO) identifies mesoderm (Figure 21.5b).

Figure 21.4. Human embryonic stem cell colony (hES) plated on primary mouse embryonic
fibroblasts. Arrows point out the distinctive border between the hES cells and the feeder layer.
Original magnification × 200.

Figure 21.5. Light microscopic image of human embryonic stem cells after undirected differ-
entiation in vitro. (a) Section of ES cells cultured 11 days without feeder layer, labeled with rab-
bit antihuman a-1-fetoprotein (arrow), a marker for endoderm; original magnification × 400. (b)
Section of ES cells cultured 21 days without feeder layer, labeled with monoclonal mouse anti-
human muscle actin (arrow) for identification of an epitope present on muscle actin; original
magnification × 200. See color insert.
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Another criterion for hES cell lines is their ability to express high levels of telomerase
activity (7). Telomerase is a ribonucleoprotein that provides a mechanism for the stabi-
lization of telomeres on the ends of chromosomes during cellular replication. DNA
polymerase is unable to replicate these ends, and telomerase provides the template for
the 6-bp repeating sequence. Without telomerase, a cell has a limited number of divi-
sions possible because the telomeres shorten to a critical point at which the cell enters
senescence. For this reason, high levels of telomerase activity have been found in cells
types that continue to grow for many generations, such as embryonic tissue (24), he-
matopoietic cells (25), and tumor cells (26). We evaluate telomerase activity using the
TRAPeze kit (Intergen, Inc., Purchase, NY), with the modifications described by Wright
et al. (27).

In the mouse, another criterion includes the ability of the stem cells to contribute to
normal development after injection into the blastocyst to form a chimera. The injected
ES cells intermingle with the host ICM and may contribute to any tissue, including the
germ cells (28). However, for ethical reasons, performing this same procedure with
human ES cells and human blastocysts is not possible (7).

Until recently, another criterion unique to the mouse model was the ability to clone
an ES cell line from a single cell. Amit and co-workers (29) reported the derivation of
two clonally derived hES cell lines from an existing hES cell line that had already under-
gone continuous passage for 6 months. After 8 months of culture, the two cloned cell
lines were also capable of meeting the criteria for hES cells described here.

Human ES cell lines should also express certain cell-surface markers to demonstrate
that they are undifferentiated. The most common marker, alkaline phosphatase, is also
the easiest assay to perform. When replating cell lines, one can periodically leave a few
colonies in the plate and stain for alkaline phosphatase (Figure 21.6). It is also benefi-
cial to perform this assay when first learning to work with hES cells to become acquainted
with correct morphology. The assay kit is available from many different sources.

Undifferentiated hES cells should also stain positive for SSEA-4. To ensure that the
assay is working properly, routinely evaluate mouse ES cells with SSEA-4, looking for
a negative result. SSEA-1 can also be used, which should stain positive for mouse ES
cells and negative for human ES cells. Other investigators working with hES cell lines
also report the use of TRA-1-81 (7) and TRA-1–60 (7, 8).

It is also important that hES cell lines maintain a normal karyotype over repeated
passages, particularly if they will be used for transplant therapies. Thomson and co-
workers (7) reported normal karyotypes for all five of their established hES cell lines at
passages 2–7. The methods for karyotyping and the number of cells examined in each
cell line were not reported. Reubinoff et al. (8) reported the use of the standard G-banding
procedure for evaluating their two hES cell lines, but the number of cells examined were

Figure 21.6. Human embryonic stem cell colony stained with alkaline phosphatase to show
nondifferentiated areas (blue). An embryoid body is forming in the center of the colony (arrow).
Original magnification × 100. See color insert.
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not reported. When describing the clonal derivation of two hES cell lines, Amit and co-
workers (29) reported the use of either the standard G-banding procedure or multicolor
spectral karyotyping, as described by Schrock et al. (30). In that study, the evaluation
of 20 chromosomal spreads per line examined appeared to be the standard.

An important criterion for a successful hES cell line is the ability to survive cryo-
preservation so that the line can be transported, saved for future use, and as insurance
against problems in the laboratory. In the mouse model, ES cells survive well after
cryopreservation (17). Unfortunately, human ES cells appear to be much more suscep-
tible to cryodamage. A discussion of the methods used to date are found in the follow-
ing section.

2.6 Cryostorage of Human ES Cell Lines

As each cell line is established, it should be cryopreserved at various passages. In the
mouse, ES cells have been successfully cryopreserved with high rates of survival using
different protocols, including the standard technique for tissue culture cells (31). This
involves placing the cells in a 10% DMSO solution, followed by cooling between
Styrofoam blocks for 24 h in a –80°C freezer before plunging and storage in liquid ni-
trogen (10, 17).

In the first reports of hES cell production, Thomson et al. (7) stated that three of the
lines were successfully cryopreserved, but a method was not discussed. Reubinoff et al.
(8) also reported successful recovery after cryopreservation, but, again, few details were
provided. Unsatisfied with the low survival and high rates of differentiation after
cryopreservation using the standard technique of tissue culture cells, Reubinoff et al.
(32) evaluated vitrification, a method previously shown to be beneficial for freezing
human blastocysts. The investigators found that vitrification did result in increased
cell recovery and ability to form colonies after replating. In addition, although the
vitrified cells did show evidence of cell death and differentiation, these deficiencies could
be overcome by additional time in culture.

Our initial attempts at cryopreservation were performed using the standard tissue
culture procedure of freezing cells using a solution of 90% FBS/10% DMSO in 1.8 ml
cryotubes. The cells were added to 1.0 ml of this cryomedium, cooled for 24 h in a
–80°C freezer between Styrofoam blocks, and then transferred to liquid nitrogen. Vials
were thawed by placing them in a 37°C waterbath, followed by one wash in DMEM +
20% FBS. The pelleted cells were then added to PMEFs mitotically inactivated using
g-radiation 1 day earlier. Using this protocol, roughly 20% of the recovered colonies
displayed an undifferentiated morphology over the next 3 days. The remaining colo-
nies underwent differentiation and stained negative for alkaline phosphatase. We are
currently investigating a method for cryopreservation that uses straws in a slow vapor-
freeze protocol and results in about 50% of the colonies recovered in the undifferenti-
ated state.

3. TROUBLESHOOTING

The level of quality assurance and control required for initiating and maintaining
human ES cell lines is similar to that required by human in vitro fertilization. In both
instances, the cells are very susceptible to toxins and inadequate culture conditions. In
the future, hES cells may also be used therapeutically in human patients, so rigorous
record keeping and the use of Good Laboratory Practices (GLPs) should be maintained
at all times. For more information regarding the U.S. Environmental Protection Agen-
cies policies for GLPs, visit the web site http://es.epa.gov/oeca/polguid/glp/glp.html.
Outlined below are some of the common problems that our laboratory has experienced
or problems that have been described to us by other investigators.

http://es.epa.gov/oeca/polguid/glp/glp.html
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1. Colonies show signs of differentiation. The differentiation may be due to replating
colonies that are too large. The hES cells do not respond well to being broken down
into single suspensions, but at the same time, colonies that are too large tend to
undergo spontaneous differentiation easily. Either mechanically break up colonies
into smaller cell clumps or use dispase while drawing the cells in and out of a small-
bore pipette to break up the colonies. Also, check media preparation log sheets to
determine if a new lot of PMEFs, serum, or other media components could account
for the spontaneous differentiation. We recommend that all new lots of serum or
serum replacement be tested before using for routine culturing to demonstrate they
support normal proliferation and do not initiate differentiation.

2. Cannot locate ICM after it has been added to the PMEFs. A viable ICM or early
colony will increase in size daily. If you cannot immediately identify the colony,
look for a group of cells that appear to be getting larger and measure it daily. It is
not uncommon to lose a colony for a few days as it begins to take on the distinct
morphology of a hES cell line.

3. Even though only one ICM was plated, there appear to be three or four colonies
growing. Sometimes the PMEFs will form colonies that resemble hES cell colo-
nies. The individual cells of these “false colonies” are rounder in appearance
compared to hES cells, which tend to be more rectangular in shape. The false
colonies will not undergo rapid growth because they are not capable of prolonged
cell division. Before placing an ICM in a well, scan the well and mark on the lid
any groups of cells that could be mistaken later for a HES cell colony.

4. CONCLUSIONS

The science of human ES cell production and its potential for treating a host of human
diseases is rapidly evolving. Every day there are new reports on the directed differen-
tiation of hES cells into precursor and/or adult cells that could one day be used for
transplantation therapies. To date, most of the research involving human ES cells dif-
ferentiation has been performed in vitro. Research has demonstrated the production
of hematopoietic precursors cells (21), neural precursors (20, 33), and neurons (20) from
human ES cells in culture. Zhang and co-workers (33) reported the transfer of neural
precursor cells, derived from hES cells in vitro, into the neonatal mouse brain. The trans-
planted human cells were incorporated into different areas of the brains and further dif-
ferentiated into neurons and astrocytes, further supporting the concept of using human
ES cells as a source of transplantable cells for disease treatment.

Clearly, more research is needed to evaluate the use of human ES cells for disease
treatments. In addition, studies are needed to evaluate the early stages of cell line pro-
duction for optimization of the procedures and to further define the culture requirements.
Other areas of concern involve the ethical issues surrounding the production and use of
human ES cells and what governmental or agency oversight will be required as the field
continues to grow.

Protocol 21.1. Isolation of primary mouse embryonic fibroblasts

This protocol is modified from the procedure of Abbondanzo et al. (10). It is reported
that PMEFs can be made from any strain of mouse (10). We typically use outbred
CD-1 females crossed with outbred CD-1 males.

1. Kill mice on day 13 of their pregnancy by cervical dislocation (day 1 = day copu-
lation plug is observed). Prepare Falcon 150-mm petri dishes (Becton Dickinson)
with 50 ml each of calcium, magnesium-free Dulbecco’s phosphate-buffered
serum (Ca2+,Mg2+-free dPBS; Sigma, St. Louis, MO). Prepare three dishes for
each pregnant mouse.
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2. Remove the uterus and place it in a petri dish as described above. Dissect out the
embryos and remove the yolk sac, amnion, and placenta (34). Move the embryos
to a fresh dish to rinse. Transfer the embryos to the third fresh dish.

3. Using fine sterile forceps, remove the head and liver (dark red tissue in center of
embryo).

4. Place 5–8 dissected embryos into the barrel of a 3- or 5-ml syringe and attach an
18-G needle (Becton Dickinson). Add 2 or 3 ml of Ca2+,Mg2+-free dPBS and re-
place plunger.

5. While the tip of the needle is in a Falcon 50-ml conical centrifuge tube (Becton
Dickinson), expel the contents of the syringe. Draw the embryos back into the
syringe and repeat the expulsions 4–6 times until the tissue is broken up into single-
cell suspension or small clumps of cells.

6. Add 25 ml of room temperature DMEM + 15% FBS (see below).
7. Split approximately 30 ml of PMEF cell suspension into three Falcon 175-cm2

flasks (Becton Dickinson) containing 60 ml/flask of room-temperature DMEM
+ 15% FBS and place flasks in incubator (37°C, 5% CO2). It should take 3–4 days
for the flasks to become confluent, and a typical yield is 1–2 × 107 cells/embryo.
Freeze the majority of PMEFs at this stage (see protocol 21.2. This is considered
the first passage (P1).

8. To split the flask, rinse the flask with 10 ml Ca2+,Mg2+-free dPBS. Add 3–5 ml of
0.25% trypsin-EDTA (Sigma) for a brief 15–30 s exposure and remove the trypsin.
Replace with 8–10 ml of fresh trypsin-EDTA and place the flask in incubator for
3–5 min or until cells are rounding up and are dissociated from the flask surface.
To inactivate the trypsin, add 15–20 ml of DMEM + 15% FBS, wash (10 min,
500 g at room temperature), and resuspend the cells and split three ways to new
flasks for expansion.

Notes: PMEFs should be split by no more than a 1:3 ratio for expansion (10). PMEFs
are only useful as a feeder layer through passages 5–6, afterward they cease proliferat-
ing. We have found that passages 2 and 3 provide the highest quality PMEFs for use
with hES cells.

Preparation of DMEM-15% FBS

Media constituents

Volumes

Component Supplier Catalogue No.

DMEM Specialty Media (Lavalette, NJ) SLM-120-B
FBS Hyclone (Logan, UT) SH300.70.02
Nonessential amino acids (100×) Specialty Media TMS-001-C
2b-Mercaptoethanol (100×) Specialty Media ES-007-E
Penicillin/Streptomycin (100×) Specialty Media TMS-AB2-C
L-Glutamine (100×) 200 mM Specialty Media TMS-002-C

Total volume

100 ml 200 ml 500 ml

DMEM  81 ml 162 ml 405 ml
FBS  15 ml 30 ml  75 ml
Nonessential amino acids  1.0 ml 2.0 ml  5 ml
Penicillin/Streptomycin  1.0 ml 2.0 ml  5 ml
2b-Mercaptoethanol  1.0 ml 2.0 ml  5 ml
L-Glutamine  1.0 ml  2.0 ml  5 ml
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Mixing

1. Combine all components in tissue culture hood. Store flask of media at 4°C for
2 weeks.

2. Remove the amount needed daily under the tissue culture hood.
3. Equilibrate by gassing (5% CO2/95% O2 or clinical blood gas mixture) aliquoted

flask: gas 1 min for 50-ml tissue culture flask or 2 min for 250-ml tissue culture
flask. Note: Only fill equilibrating flask half full or less.

4. Warm to 37°C for a minimum of 1 h in incubator before use.

Protocol 21.2. Cryopreservation of early passage primary mouse embryonic
fibroblasts

1. Prepare 30 ml of the freeze medium consisting of 10% DMSO (Sigma/90% FBS
(Hyclone, Logan, UT).

2. Remove culture media from each flask and discard. To each flask add 2 ml of
trypsin (Sigma) to rinse cells and remove any residual protein. Remove the
trypsin and discard.

3. Add 8 ml of trypsin to flask and incubate for 3–5 min. Avoid handling the flask
at this time. If the flask is disturbed, you will have clumps of cells instead of a
single-cell suspension. Once cells are detached, add 2 ml of trypsin and vigor-
ously pipette (using a 10-ml precooled pipette) the suspension in the flask to
further break down the suspension into single cells. Add to the cell suspension
12 ml of the culture medium (DMEM + 15% FBS). The protein in the medium
will inactivate the trypsin.

4. Place each cell suspension into a 50-ml centrifuge tube (Falcon) and spin the
cells at 1500 g for 15 min.

5. Discard the supernatant.
6. To each 50-ml tube, add 5 ml of freeze media and vigorously pipette the cells

up and down to break them up.
7. After each pellet is resuspended, combine them (15 ml), count the cells with a

hemocytometer, and adjust the concentration with the freeze media to 3.0 × 106

cells/ml. Upon thaw, this should provide enough cells to prepare four 4-well
plates. We recommend that several vials of 1.5 × 106 cells/ml be frozen in the
event that you need to prepare two or six 4-well plates. Note: These numbers
may differ in your lab, and the ratio of cells per well that you require may need
to be determined.

8. Dispense 1 ml of cell suspension/freeze media into 1.8-ml cryovials (Corning,
Corning, NY).

9. Label the vials with concentration, date, and cell type.
10. Using two Styrofoam 15-ml centrifuge racks, place the vials in the center of

one rack and place the other on top. Tape shut and place in the –80°C freezer
overnight.

11. The following day plunge vials into liquid N2 and store until needed.

Protocol 21.3. ggggg-Radiation of primary mouse embryonic fibroblasts

1. Remove DMEM + 15% FBS from refrigerator and warm to 37°C.
2. Remove the appropriate number of gelatin plates (see below) and allow them to

come to room temperature in the tissue-culture hood.
3. Thaw the required number of vials to make the number of plates needed (see

Protocol 21.2). Vials are thawed by placing them in a 37°C water bath for 5 min
or until all ice is melted.
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4. Centrifuge thawed PMEFs in 5 ml of DMEM + 15% FBS (5 min, 500 g at room
temperature). Use one thawed vial per 5 ml medium per centrifuge tube.

5. Decant supernatant and resuspend cell pellet in 7 ml DMEM + 15% FBS.
6. Pipette the 7 ml of cells into a sterile Falcon petri dish (100 × 15 mm; Becton

Dickinson; do not use tissue culture-treated dishes). Place that dish in a larger
dish for transport to the radiation facility and radiate the dish with 5 K rad. Note:
Before using this procedure, we evaluated different cell concentration and ra-
diation doses to determine the optimal conditions for mitotic inactivation. The
conditions at other facilities may vary.

7. Remove the radiated cells from the dish, rinsing the bottom of the dish to re-
move settled cells. You should have a minimum of 6.4 ml at this point to fill the
wells of two 4-well plates (Nunc, Naperville, IL).

8. Pipette 0.8 ml of cell suspension into each gelatin-coated well.
9. Incubate cells in 37°C, 5% CO2 humidified incubator.

10. The PMEF plates are ready to accept hES cells after 24 h of culture. Before adding
hES cells, the medium should be replaced with DMEM + 20% FBS (see below).

Gelatin coating of culture dishes

Use 0.1% gelatin in ultrapure water (Specialty Media, Lavallette, NJ). If stored in the
refrigerator, allow the bottle of 0.1% gelatin to warm in a 37°C waterbath for 30 min
before use. Once the bottle is opened, it should always be stored refrigerated. In a tissue
culture hood, aliquot directly from the bottle enough 0.1% gelatin solution to cover the
surface of the culture well. For a 4-well plate (16 cm2), this is about 0.5 ml per well. Let
sit on wells for a minimum of 20 min. Remove the excess gelatin solution from each
well and seal each plate with parafilm. Return the plates to the original wrapping and
seal with tape. Store at 4°C. The gelatin may be used for up to 2 months.

Preparation of DMEM- 20% FBS

Media constituents

Volumes

Component Supplier Catalogue No.

DMEM Specialty Media (Lavallette, NJ) SLM-120-B
FBS Hyclone (Logan, UT) SH300.70.02
Nonessential amino acids (100×) Specialty Media TMS-001-C
2b-Mercaptoethanol (100×) Specialty Media ES-007-E
Penicillin/streptomycin (100×) Specialty Media TMS-AB2-C
LIF-human recombinant Sigma, St. Louis, MO L-5283
L-Glutamine (100×) 200 mM Specialty Media TMS-002–C
Fibroblast growth factor Becton Dickinson, Franklin Lakes, NJ 40060

Total volume

50 ml 100 ml 200 ml

DME  38.0 ml 76.0 ml 152.0 ml
FBS  10 ml 20 ml  405 ml
Nonessential amino acids  500 ml 1.0 ml  2.0 ml
Penicillin/streptomycin  500 ml 1.0 ml  2.0 ml
2b-Mercaptoethanol  500 ml 1.0 ml  2.0 ml
LIF 50 ml 100 ml 200 ml
L-Glutamine  0.5 ml  1.0 ml 2.0 ml
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Mixing

1. Combine all components in tissue culture hood. Store flask of media at 4°C for
2 weeks.

2. Remove amount needed daily under the tissue culture hood.
3. Equilibrate by gassing (5% CO2/95% O2 or clinical blood gas mixture) aliquoted

flask: gas for 1 min for 50-ml tissue-culture flask or 2 min for 250-ml tissue cul-
ture flask. Note: Only fill equilibrating flask half full or less.

4. Warm to 37°C for a minimum of 1 h in incubator before use.
5. Just before use, add 8 ml  FGF per 10 ml of culture medium (see below).

Preparation of fibroblast growth factor (FGF)

1. Use 10 mg/vial FGF = (Becton Dickinson)
2. Reconstitute vial with 2 ml of calcium-, magnesium-free Dulbecco’s phosphate-

buffered serum (Sigma, St. Louis, MO).
3. Prepare 20 ml aliquots and store at –80°C until ready to use.
4. Add FGF to the culture media just before use.

Note: We are currently adding 8 ml/10 ml of culture medium for a working concen-
tration of 4 ng/ml.

Protocol 21.4. Mitomycin-C treatment of primary mouse embryonic fibroblasts

This protocol is modified from the protocol by Abbondanzo et al. (10).

1. Thaw centrifuge tubes of mitomycin-C dilution (see below) in a 37°C water bath.
2. Apply 0.8 ml of mitomycin-C solution to each well of feeder cells in 4-well plates

that were prepared one day earlier. Note: Use the Protocol 21.3 irradiation, but
do not perform the g-radiation step. Also, decrease the number of cells plated so
that they will reach confluency over the next 24 h.

3. Return plates to the incubator and culture for 3 h.
4. Remove the mitomycin-C solution and discard within specimen container in bio-

hazard trash.
5. Rinse each well twice with DMEM + 20% FBS (see Protocol 21.3).
6. Seed plates with hES cells.

Preparation of Mitomycin-C

1. Use 2-mg vials of mitomycin-C(Sigma toxic, light sensitive)
2. Use respirator mask during initial dilution. Conduct dilution in a chemical hood

on top of blue pad in case of a spill. Wear two pair of gloves and lab coat.
3. Inject 5 ml sterile calcium-, magnesium-free Dulbecco’s phosphate-buffered

serum into the vial. Pull the 5-ml solution back into the syringe and recap with
one hand. Remove outer gloves.

4.  In a tissue culture hood, add the 5-ml solution into 195 ml DME + 5% FBS filter
sterilized 190 ml DMEM + 10 ml FBS; (wrap 250-ml tissue culture flask with
foil to minimize light exposure). Mix.

5. In a tissue culture hood, aliquot 10-ml portions into 14-ml centrifuge tubes, being
careful to avoid significant light exposure of the mitomycin solution.

6. Store at –20°C.

Protocol 21.5. Removal of the zona pellucida using acidified tyrode’s solution

1. Transfer the acidified tyrode’s solution (Irvine Scientific, Santa Ana, CA) to a
culture dish at room temperature.

2. Using a pipette that is slightly larger than the embryo, transfer the blastocyst to
the acidified tyrode’s solution. Using a dissecting microscope, visualize the em-
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bryo while gently pipetting it in and out. Care should be taken not to let the em-
bryo settle to the bottom of the dish, as exposed areas of the embryo will stick.

3. Remove the blastocyst from the acidified tyrode’s solution as soon as the zona
pellucida begins to thin and lose its shape. Finish removing the zona by pipetting
it in and out while in a dish of culture medium.

4. Wash the embryo three times in fresh culture medium and continue culture until
needed for ICM isolation. If the blastocoel collapses during zona removal, it is best
to culture the embryo until it has reexpanded before performing ICM isolation.

Protocol 21.6. Removal of the zona pellucida using Pronase

1. Prepare the Pronase solution as detailed below.
2. Using a pipette slightly larger than the embryo, transfer the blastocyst to the Pro-

nase solution. Using a dissecting microscope, visualize the embryo while it is being
treated. The Pronase solution takes between 3 and 5 min to thin the zona pellu-
cida sufficiently.

3. Remove the blastocyst from the Pronase solution as soon as the zona pellucida
begins to thin and lose its shape. Finish removing the zona by pipetting it in and
out while in a dish of culture medium.

4. Wash the embryo three times in fresh culture medium and continue culture until
needed for ICM isolation. If the blastocoel collapses during zona removal, it is best
to culture the embryo until it has reexpanded before performing ICM isolation.

Preparation of Pronase solution for zona pellucida removal

Use 100 mg /vial Pronase (Sigma, 4.4 IU/mg). Weight out 2.2-mg aliquots of Pronase
and store in snap-top tubes at –20°C. When needed, add 1.0 ml of embryo culture
medium to one aliquot and invert to mix. This produces a solution of 10 IU/ml. Use
immediately.

Protocol 21.7. Isolation of the inner cell mass

1. Prepare a 4-well plate as follows:

• Well 1—antibody to the trophoblast. Note: You will need to determine the ap-
propriate dilution for your antibody.

• Well 2—standard guinea pig complement (Cedarlane, Westburg, NY), we use
a dilution of 1:10.

• Wells 3 and 4—0.6 ml DMEM-20% FBS.

Cover all four wells with equilibrated mineral oil (Squibb, Princeton, NJ).
2. Pipette zona-free blastocyst into well 1 containing the antibody and incubate at

37°C, 5% CO2, for 15–30 min (time will vary depending on the type of antibody
you are using).

3. Rinse the embryo in well 3 for about 1 min.
4. Transfer the embryo to well 2 containing the complement. Incubate for about 5–

10 min at 37°C, 5% CO2. Evaluate the embryo while it is in the complement. The
cells of the trophoblast should appear dark and degenerate. At this time, begin
pipetting the embryo through pipets of decreasing diameters. As you do so, the
degenerate cells of the trophoblast should fall away. It is important to get all of
the trophoblast cells off of the ICM so that they do not interfere with attachment
to the substrate. An ICM is about 50 mm in diameter, so a pipette just slightly
larger will facilitate the removal of trophoblast cells during the final stages of
isolation.

5. As you are removing the trophoblast cells, transfer the ICM into well 4 to com-
plete the process. Once all of the trophoblast cells have been removed, transfer
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the ICM to the substrate (i.e., PMEFs, Matrigel, etc.) on which you want to ini-
tiate the colony. Using a computer scale (we use the ZILOS computer scale from
Hamilton Thorne Biosciences, Beverly, MA) or ocular micrometer, measure the
ICM to aid in its identification later (Figure 21.3).

6. Periodically evaluate the well for attachment of the ICM and mark its location
with a pen on the plate lid. This will be helpful later when trying to identify the
ICM/colony within the first few days of culture.

Protocol 21.8. Initiation of human ES cell colonies

1. After plating an ICM, a healthy colony will begin to increase in size over the next
7–9 days and retain a characteristic morphology (Figure P21.1). It is our experi-
ence that many colonies will initially grow upward for the first 3–5 days. The
colony will then flatten out and form a more typical cell colony.

2. Feed cultures every 48 h with DMEM-20% FBS (Protocol 21.3) or every 24 h
with conditioned medium (see Protocol 21.11).

3. During the first week of growth, check colonies for signs of differentiation. This
will sometimes occur to a portion of the colony, and, if caught quickly, the area
of differentiation may be removed with a 30.5-G needle (Becton Dickinson).

4. Allow the colony to remain on the PMEFs for 7–9 days before replating to fresh
PMEFs prepared 24 h earlier.

5. Remove the colony mechanically with a 30.5-G needle, using the needle to gently
separate the colony from the PMEFs. Transfer the colony to a sterile watch glass,
and, using two needles, break apart the colonies into clumps containing about
50 cells. Transfer these cell clumps to the fresh PMEFs.

Figure P21.1. Photomicrographs of stages of human ES cell colony production from the same
embryo. (a) Human blastocyst on day 6 of culture (day 0 = day of insemination). ICM measures
52 mm in diameter (arrow). This embryo (grade 2; ICM grade B) collapsed in acid tyrodes and
was cultured an additional 3 h for reexpansion. (b) Human ES colony from same embryo on day
3 of culture (day 1 = day ICM plated on primary mouse embryonic fibroblasts). Colony mea-
sures 74 mm in diameter and is growing up to form a columnar-shaped structure. (c) Day 6 of
culture; colony measures 129 mm in diameter. (d) Day 8 of culture; colony has flattened and is
260 mm in diameter. The colony was removed and replated onto new primary mouse embryonic
fibroblasts on this day.
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6. Alternatively, add dispase (Becton Dickinson) to the well and, using a finely drawn
pipette, remove the colony. The dispase works quickly, so be ready to remove
the colony as soon as you see the cells separating from the PMEFs. Transfer the
colony to the next well and rinse. Continue through the other 3 wells of the plate,
rinsing the dispase from the colony. Transfer the colony to a sterile watch glass,
and, using two needles, break apart the colonies into clumps containing about 50
cells. Transfer these cell clumps to the fresh PMEFs.

Protocol 21.9. Passage of human embryonic stem cell lines onto fresh primary mouse
embryonic fibroblasts

1. Human ES cells grown on PMEFS should be replated onto fresh PMEFs every
7–10 days to prevent spontaneous differentiation. The hES cell colonies can be
moved mechanically or the colonies separated from the PMEFs using dispase (8)
or collagenase (7,20,22).

2. For mechanical replating, the colonies are teased off with a 30.5-G needle and
broken up into smaller cells clumps by

• using two needles to break the cells apart,
• drawing the colonies in and out of a 30.5-G needle or finely drawn pipette, or
• exposing the cells to trypsin or collagenase while pipetting them through a finely

drawn pipette. Be sure to rinse the cells free of trypsin or collagenase before
replating.

3. Alternatively, add dispase (Becton Dickinson) to each well, and, as the colonies
separate from the PMEFs, pull them off the wells with a drawn pipette. You may
have to tease them off the bottom a little. Add the colonies to 3.0 ml of DMEM-
20% FBS (Protocol 21.3) and centrifuge the cells and remove the supernatant.
Resuspend in 1.0 ml of DMEM-20% and, if needed, break the colonies into smaller
cell clumps by using two needles to break the cells apart or drawing the colonies
in and out a 30.5-G needle or finely drawn pipette.

4. Add the cell suspension to wells of PMEFs prepared the day before.

Protocol 21.10. Preparation and use of MatriGel basement membrane matrix plates

1. Perform all work in a laminar flow hood.
2. The day before coating, thaw MatriGel basement membrane matrix (Becton

Dickinson) overnight on ice at 4°C and precool a variety of sterile pipettes at
–20°C for use in aliquotting. MatriGel matrix will gel rapidly at 22°–35°C, so all
items must be kept as cold as possible throughout the aliquotting procedure.

3. On the day of plate preparation, prepare a bucket of ice to hold 50-ml centrifuge
tubes (Becton Dickenson) and pipettes. Use precooled pipettes to mix the MatriGel
matrix.

4. In a cooled tube, dilute MatriGel to the desired concentration with a serum-free
DMEM (use medium preparation from Protocol 21.3, omitting the FBS). We cur-
rently use 5% MatriGel coating on our plates.

5. Using a precooled 10-ml pipette, enough MatriGel is added to each well of a
4-well plate to coat the bottom.

6. Incubate plates at room temperature for 1 h in the laminar flow hood.
7. Aspirate off the unbound MatriGel. Gently rinse the wells with serum-free DMEM.

Plates are now ready for use.
8. Pack unused plates in groups of four, wrap in parafilm, and place back in their

original wrapper, taped and dated. They may be stored at 4°C for up to 2 months.
9. Seed plates with hES cells in the same manner as when PMEFs are used. As re-

ported by other investigators (22), cells are fed every day with conditioned me-



330 A LABORATORY GUIDE TO THE MAMMALIAN EMBRYO

dium (see Protocol 21.11). When initiating colonies on MatriGel the cells of the
ICM will often disperse to form a flat colony much more quickly than on PMEF
(Figure P21.2). Use the same procedure described previously for replating of
colonies (see Protocol 21.8.).

Protocol 21.11. Preparation of conditioned medium

1. Conditioned medium may be used for culturing on MatriGel or PMEFs. We use
conditioned medium fresh each day, however, Xu et al. (22) report that it can be
frozen and stored at –20°C for 1 month. Before using, it is important to add the
fibroblast growth factor fresh each day. Depending on your needs, the conditioned
media can be produced without serum or with a serum substitute and with or
without LIF.

2. The conditioned media is produced by seeding a 75-cm2 flask (Falcon) with 3 ×
106 PMEFs (passages 3 or 4) in 20 ml of DMEM-15% FBS (Protocol 21.1). All
work is done under a laminar flow hood. Twenty-four hours later, draw off all of
the medium and replace with 20 ml of DMEM- 20% FBS (Protocol 21.3). After
an additional 24-h culture, the flask is ready to provide the conditioned medium.

3. To use, draw off the 20 ml of conditioned medium and replace it with 20 ml of
fresh DMEM-20% FBS (for use the next day). Filter the conditioned medium
through a 0.2-mm acrodisc syringe filter (Pall Co., Ann Arbor, MI) that has been
flushed with about 5 ml of DMEM-20% FBS. This sterile filtered media is then
used to feed the ES cells. When using fibroblast growth factor in the culture
medium, be sure to add it to the conditioned medium at this time. We use 4 ng/ml
of DMEM- 20% FBS (Protocol 21.3).

4. The next flask of PMEFs must be started 2 days before needing the conditioned
media to allow for the change over from 15% serum to 20% serum + LIF. The
flask is then used for an additional 7 days to provide conditioned medium.

Protocol 21.12. Alkaline phosphatase staining of human embryonic stem cells

We use the Vector Blue Staining Kit from Vector Laboratory (Burlingame, CA). Store
kit at 4°C. The kit contains 3 dropper bottles and 1 empty bottle. You will not need the
empty bottle. Each bottle has a number.

1. For staining, prepare the working solution just before use. To prepare working
solution:

Figure P21.2. Human inner cell mass plated on MatriGel on day 4 of culture. Original magni-
fication × 200.
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• Add 2 drops of reagent 1 to 5ml of 100 mM Tris-HCL, pH 8.2 buffer (see
below) Vortex.

• Add 2 drops of reagent 2. Vortex.
• Add 2 drops of reagent 3. Vortex.

2. Rinse the wells to be stained with the 100 mM Tris-HCl buffer.
3. Add 1.0 ml of the working stain solution to each well. Do not heat the working

solution.
4. Incubate the dishes in a drawer, out of the light, for a minimum of 20–30 min.

Increasing the incubation time in the working solution up to 4 h may increase
staining sensitivity 2–4 times. However, with extended incubation, background
staining may increase, and the stain may begin to precipitate over time.

5. Positive cells will show an intense blue staining (Figure 21.6). Always stain a
well without the hES cells to serve as a negative control.

Preparation of 100 mM Tris-HCl buffer for alkaline phosphatase assay

Use Trizma HCl (Sigma), and 10 M NaOH (Sigma).

1. Add 1.576 g of Trizma HCl to 100 ml Ultrapure water.
2. Adjust pH to 8.2 (original pH is about 4) using 10 M NaOH (about 15 drops).
3. Filter with disposable filter unit.
4. Store at room temperature in sterile bottle.

Protocol 21.13. Stage specific embryonic antigen -4 assay

1. Fix cells in 4% paraformaldehyde fixative (Electron Microscopy Sciences,
Ft. Washington, PA.).

2. Wash wells in PBS for 5 minutes.
3. Incubate for 20 min with normal goat serum consisting of 150 ml goat serum

(Vector Laboratories) diluted in 10 ml PBS.
4. Remove serum from the wells.
5. Incubate for 1 h with the SSEA-4 primary antibody (Developmental Studies Hy-

bridoma Banks, Iowa City, IA, cat. No. MC-813-70) diluted 1:2 in PBS.
6. Wash cells in PBS for 5 min.
7. Incubate cells for 30 min with biotinylated secondary antibody anti-mouse IgG

(Vector Labatories) diluted 1: 200 in PBS.
8. Wash cells in PBS for 5 min.
9. Incubate cells for 30 min with VECTASTAIN ABC Reagent (Vector Laboratories).

10. Wash cells in PBS for 5 min.
11. Incubate cells in TMB (3, 3', 5, 5'-tetva methylbenzicline) substrate solution

(Vector Laboratories, TMB Substrate Kit) until the desired stain intensity
develops.

12. Wash cells for 2–3 minutes in PBS and then rinse briefly in water.
13. Counterstain the cells with Nuclear Fast Red (Vector Laboratories) for 1–2 min.
14. Wash cells in water.
15. Evaluate cells using light microscopy (Figure P21.3).

Protocol 21.14. Cryopreservation of human embryonic stem cells in straws

1. The cryopreservation medium consists of 10% DMSO and 90% DMEM-20%
FBS (Protocol 21.3). Prepare the cryopreservation medium fresh before each
freezing procedure.

2. Perform cryopreservation in liquid nitrogen vapors using a Taylor-Warton Freez-
ing Tray that fits in the opening of the storage container. You will need to pre-
determine the levels on the tray which correspond to –2°C, -40°C, and –90°C.
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3. Remove colonies from wells as described in Protocol 21.9. Do not break the
colonies down into smaller cell clumps. Using a drawn pipette, transfer the colo-
nies to a dish containing the cryopreservation medium. Try to keep the colonies
close together in the dish.

4. Attach a 1-ml syringe to the end of a 0.25-cc sterile straw (TS Scientific, Perkasie,
PA). Draw the cryomedium and ES colonies into the straw. Do not allow the
medium to reach the cotton plug. Leave about 0.5 inch of air at the end of the
straw, and plug straw with Critoseal.

5. Place the straw in the freezing tray and place the freezing tray in the refrigerator
(4°C) for 1 h.

6. Transfer the straw to the freezing tray that has been preequilibrated in the stor-
age tank at –2°C. Let the straw remain at this position for 25 min.

7. Turning the crank on the freezing tray, lower the straw to the position that cor-
responds with –40°C and let the straw remain at this position for 10 min. Do not
remove the freezing tray from the mouth of the storage tank at any time.

8. Lower the freezing tray to the position that corresponds with –90°C and allow
the straw to remain at this position for 10 min.

9. Quickly remove the tray from the tank and drop the samples into a Dewar flask
containing liquid nitrogen. Place the straw in a precooled cane and store in liq-
uid nitrogen.

10. Thaw straws by placing them at room temperature until all ice disappears. Empty
the straw into a dish containing DMEM-20% FBS (Protocol 21.3). With a drawn
pipette, transfer the colonies to fresh medium and break the cell colonies up into
smaller clumps by using two needles to break the cells apart or drawing the
colonies in and out a 30.5-G needle or finely drawn pipette.

11. Add the cell suspension to wells of PMEFs prepared the day before.
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1. SPERMATOGENESIS

Spermatogenesis is a highly active and complex process that continuously produces male
gametes, the spermatozoa. A technique has been developed in which germ cells derived
from the testis of a fertile male are transferred to the testis of an infertile male and do-
nor-derived spermatogenesis is reconstituted in recipient testes (1, 2). This technique,
called “spermatogonial transplantation,” provides unique opportunities not only to un-
derstand the process of spermatogenesis but also to manipulate male germ cells for
medical and agricultural applications. In this chapter I describe the general concept and
applications of the transplantation technique and standard procedures using the mouse
as a model species. An excellent technical review has been published that complements
this chapter (3).

A high rate of spermatozoa production is one of the remarkable characteristics of
spermatogenesis. For example, around 107 spermatozoa/g of testicular tissue/day are
produced in the rat, and daily production of spermatozoa in the human and boar is ap-
proximately 108 and 109, respectively (4–6). Furthermore, this high output process con-
tinues from puberty throughout the life of an individual male. This contrasts markedly
with female gametogenesis, which produces only a limited number of eggs in mam-
mals until the ovarian reserve is exhausted. Spermatogenesis is also a highly organized
process, which can be divided into three phases (7). Each of the three phases is repre-
sented by a unique cell type: diploid spermatogonia in the first phase, meiotic sperma-
tocytes in the second phase, and haploid germ cells (spermatids and spermatozoa) in
the third phase. In the first phase, the proliferation phase, spermatogonia replicate and
undergo a series of differentiation on the basement membrane at the base of the semin-
iferous tubules. These spermatogonia amplify their population to supply germ cells for
the terminal differentiation stages that follow. In the second phase, the meiotic phase,
spermatogonia move from the basement membrane toward the lumen of the seminifer-
ous tubules, differentiating into spermatocytes that undergo meiosis to produce sper-
matids. It is during this second phase that genetic recombination takes place. The third
phase is called spermiogenesis, in which spermatids proceed through a complex mor-
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phological differentiation to form spermatozoa. The morphological architecture of sper-
matogenesis follows these three germ cell development processes. While spermatogo-
nia form a single cell layer at the base of the tubules, more advanced germ cells are
formed in multiple layers toward the lumen, and terminally differentiated spermatozoa
reside at the top of the layer, facing to the luminal space. Diploid spermatogonia are
also structurally separated from meiotic and postmeiotic germ cells by junctions between
somatic Sertoli cells, called the Sertoli cell barrier; spermatogonia reside in the basal
compartment of the seminiferous epithelium, whereas terminally differentiating cells
are found in the adluminal compartment. Although the Sertoli cell barrier permits the
transport of a variety of ions and other small molecules, it prevents larger molecules,
such as protein, from penetrating the seminiferous epithelium into the lumen (8). Con-
sequently, germ cells in the adluminal compartment depend significantly on Sertoli cells
for support in nutrition, growth factors, and waste disposal (8). Therefore, appropriate
communication between male germ cells and Sertoli cells is critical for the maintenance
and regulation of spermatogenesis.

The long-term and vigorous activity of spermatogenesis is founded by the male germ-
line stem cells (GSCs), also called spermatogonial stem cells. The male GSCs are be-
lieved to be only a small fraction of spermatogonia and estimated to be approximately
0.02% of total testis cells in the mouse (9). These stem cells self-renew and produce
progenitor spermatogonia that are committed to differentiation. This dual biological
function is the characteristic that defines stem cells in general. Compared to the stem
cells of somatic self-renewing organs, such as those in the intestine and bone marrow,
male GSCs have unique properties. Although somatic stem cells are vital for the sur-
vival of an individual, GSCs are dispensable, and their absence does not significantly
affect the normal life of an individual. However, GSCs are essential for survival of spe-
cies and for diversifying the gene pool in a given species through meiotic recombina-
tion. Another distinct characteristic is that the GSCs in postnatal mammals exist only in
males because female germ cells enter meiosis and lose their self-renewing capacity
before birth. Therefore, male GSCs are the only cell population in mammals that self-
renews throughout postnatal life and transmits the appropriate genetic information to
the next generation. In addition, male GSCs are also characteristic in that the differen-
tiation cascade in spermatogenesis is unidirectional toward production of spermatozoa,
and male GSCs generate only a single type of committed progenitor cells in this cas-
cade. In contrast, differentiation originating from somatic stem cells is often multidi-
rectional, and the somatic stem cells produce various types of committed progenitors,
as seen in hematopoiesis (10).

Because a stem cell is defined by its dual function regardless of its tissue of origin, a
biological assay system that detects stem cell activity is a prerequisite for the study of
stem cells. This is certainly the case for the male GSCs, as these cells cannot be identi-
fied to date using morphological, genetic, or biochemical markers. In 1994, the Brinster’s
group at the University of Pennsylvania developed the spermatogonial transplantation
technique using the mouse as a model species (1, 2). In this technique, donor testis cells
derived from a fertile male are transplanted into the seminiferous tubules of an infertile
male. The stem cells injected into the lumen of the tubules reach the basement mem-
brane and initiate proliferation and differentiation to reestablish donor-derived spermato-
genesis in recipient testes. Recipients produce donor-derived spermatozoa and, following
mating with females, offspring carrying the donor haplotype (2, 11) (Figure 22.1). Since
such long-term and complete spermatogenesis can originate only from GSCs, the trans-
plantation technique is the unequivocal method for detection of male GSCs. Even if
nonstem germ cells were transplanted together with stem cells, these nonstem cells would
not survive or establish continuous spermatogenesis, but rather would be exhausted
during the unidirectional differentiation of spermatogenesis. Therefore, only definitive
stem cells can reconstitute donor-derived spermatogenesis after transplantation. In turn,
the technique can also be used to analyze the effects of the testicular microenvironment
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on germ cell development. Furthermore, this technique has the potential to be a key
method in restoring male fertility and genetically modifying offspring through the male
germ line.

2. DESCRIPTION OF TECHNIQUE

2.1 Principles

Here I focus on the spermatogonial transplantation technique using the mouse as a model
species, for which the technique has been best developed. Applications of the transplan-
tation technique in other species are under investigation (12). The transplantation pro-
cedure is composed of three steps: preparation of recipients, donor cell preparation and
transplantation, and analysis of recipient testes (Figure 22.1).

First, infertile recipient mice are prepared before transplantation. As the seminifer-
ous tubules in normal testes are filled with multiple layers of germ cells, it is ideal to
eliminate the endogenous germ cells to provide access of donor stem cells to their des-
ignated niche on the basement membrane and to reduce competition with endogenous
spermatogenesis. Infertility in recipients can be chemically induced using an alkylating
agent, busulfan (3, 13). It should be noted, however, that a degree of recovery of en-
dogenous spermatogenesis can be seen after busulfan treatment. Alternatively, geneti-

Figure 22.1. Schematic representation of the spermatogonial transplantation procedure. In this
scheme, donor cells are isolated by enzymatic digestion from the testis of a transgenic mouse
strain that expresses lacZ in germ cells. Before transplantation, these cells can be subjected to ex
vivo manipulation, such as cryopreservation, cell separation, in vitro culture, or genetic manipu-
lation. Donor cells are injected into the seminiferous tubules of infertile mouse testes, and stem
cells derived from donor testes colonize recipient testes. Donor-derived spermatogenesis can be
detected in recipient testes by blue staining. Offspring carrying the donor haplotype can be pro-
duced after mating with females. Modified from Nagano and Brinster (11), with permission.
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cally infertile mouse strains can be used as recipients (1, 14). It is also ideal to use recipi-
ent mice with a genetic background that is immunologically compatible with that of the
donor mice. Although the testis is known to be an immunoprivileged organ (15), and com-
plete donor-derived spermatogenesis can be established after transplantation into the tes-
tis of partially compatible recipients (16), the effects of histocompatibility between donor
and recipient have not been rigorously analyzed. In this regard, immunodeficient mice,
such as SCID or nude mice, could be universal recipients for transplantation.

Second, a single cell suspension of donor cells is prepared from the testes of fertile
mice using the conventional two-step enzymatic digestion method: digestion of the tes-
tis using collagenase followed by trypsin (3, 17). The donor cells are then transferred
into a microinjection pipette inserted into the bundle of efferent ducts, which run into
the rete testis. Finally, donor cells are introduced into the recipient seminiferous tubules
through the rete testis. Therefore, in the spermatogonial transplantation procedure, donor
germ cells travel in the opposite direction to the normal route that spermatozoa take
through the male reproductive tract. Before transplantation, donor cells can be subjected
to ex vivo manipulation, such as cryopreservation, cell separation, tissue culture, and
genetic modification.

The third step of the transplantation technique, analysis of recipient testes, is signifi-
cantly affected by the choice of the donor strain. For example, if donor cells are derived
from a transgenic strain that expresses a marker gene in germ cells, such as bacterial
lacZ, donor-derived spermatogenesis can readily be visualized as a distinct “colony”
by staining recipient testis for the marker gene activity (Figure 22.2) (18). If visualiza-
tion of donor cells cannot be achieved, the origin of established spermatogenesis in re-

Figure 22.2. Donor germ cell colonization patterns 1 (A–C) and 2 (D–F) months after trans-
plantation. Donor testis cells were obtained from ROSA26 mouse strain and transplanted into
the testes of immunocompatible recipient mice. Recipient testes were stained blue with X-gal to
visualize donor-derived spermatogenesis. (A) One month after transplantation, donor-derived
spermatogenesis is observed as distinctive colonies. (B, C) The colonies at this time point are
formed as a single cell layer, indicating that meiotic differentiation has not started. (D) Two months
after transplantation, the colonies are well established and show a strong blue staining in the
center, indicating development of spermatogenesis. (E) At the ends of colonies, donor cells show
a similar colonization pattern observed at 1 month after transplantation, suggesting ongoing
expansion of colonies. (F) A paraffin section showing that qualitatively complete spermatogen-
esis is reestablished at this time point (counterstained with nuclear fast red). Reproduced from
Nagano et al. (18), with permission. See color insert.
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cipient testes needs to be determined using histological sections and genetic markers of
donor cells (19). In such a case, the use of genetically infertile recipients would ensure
the origin of spermatogenesis because endogenous spermatogenesis cannot occur in such
mutant recipients (1, 14). Donor-derived spermatogenesis can be analyzed in detail using
histological sections. Recipient animals can be maintained and mated with females to
obtain offspring carrying donor haplotype.

2.2 Applications

Since its development, the spermatogonial transplantation technique has been applied
to investigate the biology of GSCs and spermatogenesis. The technique is amenable both
for qualitative and quantitative analyses of the stem cells. When donor cells are obtained
from transgenic mice that express b-galactosidase in germ cells, donor-derived sper-
matogenesis can be visualized as a morphologically distinct colony, and the number
and size of colonies can be measured (figure 22.2) (18). Because one colony is esti-
mated to originate from one stem cell (20), and long-term spermatogenesis can be es-
tablished only from GSCs, the number of colonies reflects the number of stem cells.

Basic characterization of post-transplantation development of donor-derived sper-
matogenesis has been described in the mouse (18, 21). After transplantation, the GSCs
reach the basement membrane and apparently initiate proliferation during the first week.
Daughter spermatogonia produced by GSCs proliferate laterally on the basement mem-
brane during the first month after transplantation and produce a single cell layer that
will serve as a mother population for regeneration of spermatogenesis (Figure 22.2).
Meiotic differentiation can be observed beginning approximately 1 month after trans-
plantation and spermatozoa can first be found around 2 months after transplantation. A
recent study using the transplantation technique showed an age-related difference in
biological properties of GSCs and recipient testis microenvironment (22). The number
of GSCs in immature mouse testes is significantly smaller than that in adult testes.
However, environment of immature recipient testes allows more efficient colonization
of donor stem cells than that of adult recipient testes.

Because the number of GSCs is minute, stem cell enrichment is often required in
biological studies of GSCs, and spermatogonial transplantation is an indispensable tech-
nique to evaluate various enrichment methods. Using the transplantation technique, two
enrichment procedures have been developed for male GSCs in mice. First, GSCs can
be significantly enriched by experimental cryptorchidism (23). Cryptorchidism, pro-
duced by suturing the testis to the abdominal wall, exposes the testis to high body core
temperature that eliminates differentiated germ cells. Consequently, only somatic Ser-
toli cells and undifferentiated spermatogonia remain in the tubules, resulting in a 20- to
25-fold enrichment for stem cells (23). Second, molecules of the integrin family of
extracellular matrix receptors can be used as markers to enrich male GSCs. Immuno-
logical cell separation using antibodies against a6- and b1-integrins leads to approxi-
mately eight- and four-fold enrichment for stem cells, respectively (24). Combing the
experimental cryptorchidism and immunological cell separation, the GSCs can be en-
riched 150-fold or more (25). Thus, the transplantation technique is essential to develop
efficient stem cell enrichment procedures and further to determine GSC identification
markers.

The transplantation technique (Figure 22.3) has been applied to dissect the mecha-
nism of spermatogenesis. After transplantation of rat germ cells into testes of immuno-
deficient nude mice, spermatogenesis derived from rat stem cells in mouse testes shows
the temporal pattern specific to rat spermatogenesis, indicating that the species-specific
cycle of spermatogenesis is predominantly controlled by germ cells (26). This study
was based on the fact that interspecies germ cell transplantation is feasible (27). It has
been shown that rat and hamster spermatogenesis can be completed in the testes of nude
mice (27, 28), while GSCs of all other species thus far studied survive more than
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6 months in mouse testes. Spermatogonia derived from the rabbit, pig, and baboon are
able to proliferate in mouse testes (28–30), whereas those from the dog, bull, and horse
do not (28, 29). No meiotic differentiation occurs in mouse testes after xenogeneic trans-
plantation of germ cells derived from all the species described above, except those from
rats and hamsters. These results indicate that the mechanism for stem cell survival in
the testicular microenvironment has been well conserved during evolution, but that for
further germ cell development has markedly diverged.

Using the transplantation technique, germ cell–somatic cell communication has been
examined. A number of spontaneous and induced mutant mouse strains are currently

Figure 22.3. Spermatogonial transplantation procedure. Donor cell injection into a right testis.
(A) A recipient testis is set in such a way that the cranial end of the testis faces the surgeon. The
epididymis and fatty tissue are placed toward the left side of the recipient mouse. (B) A bundle
of efferent ducts (arrow) can be found as a translucent line within opaque-colored fatty tissue
between the epididymis and testis. (C) The opening of the rete testis (“window”) is found at the
beginning of the efferent duct as an oval, shady hollow on the surface of the testis (arrow). (D)
The injection pipette filled with donor cells (visualized with trypan blue) is inserted into the duct
and reaches the rete testis, to which donor cell suspension is first introduced. (E) Donor cells are
further introduced into the seminiferous tubules through the rete testis. See color insert.
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available that exhibit defective spermatogenesis. One of these mutant mouse strains,
the juvenile spermatogonial depletion (jsd ) mouse, shows a single wave of spermato-
genesis after birth but spermatogenesis ceases thereafter, resulting in male infertility in
the adult (19, 31). When germ cells derived from wild-type mice are transplanted into
the testis of jsd mice, complete spermatogenesis is regenerated. In contrast, jsd germ
cells transplanted into wild-type mouse testes fail to establish donor-derived spermato-
genesis (19). The study thus indicates that the mutant phenotype is not caused by de-
fects in somatic supporting cells, but by defects in germ cells themselves, which may
have an intrinsic deficiency in spermatogenesis and/or be incapable of responding to
extrinsic signals to undergo spermatogenesis. Similarly, transplantation experiments have
demonstrated that estrogen receptor-a and testosterone receptor are not required in the
germ cells to complete spermatogenesis (32, 33).

Spermatogonial transplantation also has the potential to be a new tool in male fertil-
ity preservation and transgenesis. As the survival rate of cancer patients increases, ster-
ilizing cancer therapies have become a major concern for the quality of life of these
patients. Male germ cells replicate at a rapid rate and are thus highly sensitive to cancer
therapy, which causes more infertility in men than in women (34, 35). This is a particu-
larly serious problem for childhood/adolescent cancer patients because cryopreservation
of sperm is not an option for young patients. Thus, a future potential application of trans-
plantation includes restoring male fertility following autologous transplantation of GSCs
collected before sterilizing treatments. It is encouraging in this respect that male GSCs
can readily be cryopreserved for a long time while retaining their full biological activ-
ity to regenerate complete spermatogenesis upon transplantation (36). In addition, a study
has demonstrated that male GSCs that remain in the testis of genetically infertile mice
are able to reestablish spermatogenesis after transplantation into a normal somatic en-
vironment, suggesting the application of the transplantation technique to male infertil-
ity treatment (14). For agricultural technologies, cryopreservation and transplantation
of male GSCs would enable virtually indefinite preservation of important animal traits,
while retaining possibilities of genetic diversification through recombination.

Finally, spermatogonial transplantation provides an opportunity to modify the genome
of offspring through the male germ line by animal transgenesis and, in the future, to cure
genetic infertility of men and to develop germ-line gene therapy techniques. In mice, male
GSCs can be cultured in vitro without loss of their biological activities (37). When GSCs
are cultured and exposed to the retrovirus that contains a marker gene, the viral gene is
integrated in the stem cell genome, and spermatogenesis with expression of viral marker
gene can be established in recipient testes after transplantation (38). These recipient mice
can further produce transgenic offspring (16). Transgenic techniques developed to date
(pronuclear injection of DNA and embryonic stem cell technologies) are based on female-
derived cells as a target (egg and embryo) and require manipulation of each individual
offspring. Since spermatogenesis has a life-long, high output activity, transgenesis through
the male germ line could be a more efficient method of producing a large number of
transgenic offspring. In addition, because the retrovirus requires host cell proliferation for
its normal life cycle, the results described above demonstrate that the male GSCs can rep-
licate in vitro. If the proliferation activity of GSCs can be maintained in vitro, it will be
possible to amplify the GSC, precisely introduce a gene at a designated locus in its ge-
nome, and select appropriately modified stem cells. Therefore, the spermatogonial trans-
plantation technique has the potential for applications to manipulate male GSC genome
in a site-specific manner.

3. PROTOCOLS

Protocols described here (Protocols 22.1–22.5) use a transgenic mouse strain that ex-
presses the lacZ marker gene in germ cells as the donor and chemically sterilized im-
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munocompatible mice as recipients. For transgenic donor mice, Gtrosa26 (ROSA26
hereafter) mice (18, 39), which express lacZ in virtually all cell types including germ
cells, and Syx4 mice (1,2), which express lacZ from the spermatid stage, are commer-
cially available (The Jackson Laboratory, Bar Harbor, ME). Solutions and media re-
quired for these procedures are listed in Protocol 22.1.

4. EXAMPLES OF DATA ANALYSIS

4.1 Quantification of Male Germ Line Stem Cells and
Measurement of Donor-derived Colonies

A typical staining pattern after transplantation of testis cells derived from ROSA26 mice
is illustrated in Figure 22.2. Although still mostly monolayer, donor spermatogenesis
1 month after transplantation can be recognized as distinctive colonies (Figures 22.2A–
C). As the number of colonies per testis does not change from 1 to 4 months after trans-
plantation (Figure 22.4A) (18), these monolayer colonies represent definitive colonies
of donor-derived spermatogenesis that are still in process of reestablishment. Well-
established colonies can be observed at 2 months after transplantation using ROSA26
donor mice (Figure 22.2D, E). In Figure 22.2D, there are 13 colonies observed after
injection of a donor cell suspension at a final concentration of 100 × 106 cells/ml. As
approximately 10 ml of donor cell suspension can be injected into one recipient testis, it
is estimated that 106 cells were injected into this recipient testis (100 × 106 cells/ml × 10
ml/1000 ml). Therefore, 13 colonies are estimated to be obtained from 106 donor cells.
Since 1 colony is derived from 1 stem cell (20), the staining result shown in Figure 22.2D
indicates that 13 stem cells colonized after transplantation of 106 donor cells per testis.

In addition, the colonies shown in Figure 22.2 are located apart from other colonies,
and each single colony is clearly identified. Therefore, measurement of the length of a
colony is feasible using an eyepiece micrometer. Figure 22.4B shows the results of the
length measurement of 1021 colonies observed from 1 to 4 months after transplanta-
tion. The results indicate the linear growth in the average size of donor-derived colo-
nies from 1 to 4 months after transplantation, even though a large variation is also
apparent.

Figure 22.4. Kinetics of donor cell colonization after transplantation. Donor cells were obtained
from the testes of ROSA26 mice. (A) The number of colonies per testis does not significantly
change over the 4 months after transplantation, indicating that the colony number can be deter-
mined 1 month after transplantation when ROSA26 mice are used as donors. (B) Donor-derived
colonies linearly increase in size during the 4 months after transplantation. The length of colo-
nies can be measured under a stereomicroscope using an eyepiece micrometer.
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4.2 Estimation of Donor Stem Cell Maintenance in Culture

In vitro culture of stem cells is important to characterize their biological properties
and to manipulate male GSCs. To this end, it is necessary to compare different cul-
ture conditions that would affect in vitro GSC maintenance and behavior. Transplan-
tation of donor cells cultured in vitro allows such an evaluation. Table 22.1 shows an
example of the evaluation procedure of stem cell culture conditions using the trans-
plantation technique (38).

In a series of experiments shown in Table 22.1 (culture condition A), a total of 8.2 ×
106 donor testis cells were placed in culture. After a 7-day culture, all cultured cells were
recovered by trypsin digestion. The cells were resuspended in 186 ml of germ cell cul-
ture medium and injected into recipient testes. As approximately 10 ml of donor cell
solution can be injected into one recipient testis, it is estimated that an average of 0.44
× 106 cells originally placed in culture were injected per recipient testis (8.2 × 106 × 10/
186). A total of 62 recipient testes were injected, which resulted in a total of 1068 colo-
nies established. Therefore, 39.1 colonies were obtained after transplantation of 106 cells
originally placed in culture (1068/62/0.44 × 106). In the same manner, after donor cell
culture under the condition B, 2.5 colonies were obtained as a consequence of trans-
plantation of 106 cells originally placed in culture (27/14/0.78 × 106). Thus, these re-
sults indicate that 15.6-fold (39.1/2.5) more stem cells remained under condition A than
under condition B.

It should be noted that the denominator used to calculate the relative colonization
efficiency was the number of donor cells originally placed in culture and not the num-
ber of cells recovered after cell culture. The testis cell culture described above includes
a number of unknown factors. The stem cells may proliferate or be lost by cell death
and/or differentiation to committed progenitors in culture. The donor cells transplanted
contain not only germ cells but also somatic testis cells, which may well affect GSC
maintenance in culture. However, it is currently impossible to directly evaluate the stem
cell kinetics and behavior during the culture period because GSCs cannot be identified
in vitro. Therefore, the number of donor cells originally placed in culture must be used
as a denominator to involve all these unknown events taking place in culture. In other
words, the use of this denominator leaves all unknowns in culture as a blackbox and
simply provides the end-point outcome; thus it is the most appropriate method to nor-
malize the results and compare different culture conditions.

5. COMMENTS AND TROUBLESHOOTING

In this chapter, a manual transplantation procedure was described. Manual transplanta-
tion does not require a sophisticated microinjection apparatus and allows easier guid-
ance of the injection pipette than does mechanical guidance of the pipette. However,

Table 22.1. Evaluation of In Vitro Maintenance of Male Germ Line Stem Cells

No. of Vol. of No. of Relative
Culture Testis Cells Donor Cell Cells Injected No. of Colonization
Conditions Cultured (× 106) Suspension (ml) per Testis (×106) Colonies Efficiency

A 8.2 186.0 0.44 1068 39.1
B 7.3 93.5 0.78 27 2.5

Adapted from Nagano et al. (38) with permission. A total of 62 (A) and 14 (B) recipient testes were analyzed.
See text for details.
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major drawbacks of the manual procedure are difficulty in the regulation of pressure to
inject the donor cell suspension into recipient testes and limitations in manual handling
of the injection pipette. These issues rarely become problems when recipients are adults.
However, when immature mice are used as recipients, a procedure using a mechanical
microinjection instrument and automatic microinjector may be superior to the manual
procedure.

Busulfan treatment of recipient mice kills most endogenous GSCs. However, a small
number of endogenous GSCs remain and regenerate recipient-derived spermatogenesis.
Thus, if visualization of donor-derived spermatogenesis is not feasible, genetic deter-
mination of the origin of reestablished spermatogenesis is necessary (19).

A technical problem during the transplantation procedure may occur when cells ag-
gregate at the tip of the injection pipette and block the donor cell flow. Cell aggregates
may remain even after filtration or may form while the cells are placed on ice during
injection. Careful pipetting of the cell suspension before injection prevents this prob-
lem. However, if the blockade of the pipette still occurs, pull the pipette out of the ducts,
break the tip of the pipette with the forceps at the location of the cell aggregate, and
reinsert the pipette at the initial insertion point. Multiple insertion is not difficult be-
cause traces of trypan blue that remain in the ducts allow easier identification of the
initial location and route of the previous insertion.

During the injection procedure, care should be taken not to insert the injection pi-
pette too deeply into the rete testis. Once the rete testis is punctured by the pipette,
donor cells will leak out to the interstitial tissue and will not flow into the seminiferous
tubules: donor cell leakage can readily be recognized because the area indicated by trypan
blue does not show a clear lining of tubules. Donor cell leakage into the interstitial tissue
may also occur due to partial rupture of the rete testis or the tubules. However, prob-
lems specifically caused by leakage have not been recognized. Recipient testes occa-
sionally become fibrous or even atrophic. The cause of these problems has not been
clearly identified, but they seem unlikely to be associated with donor cell leakage. Simi-
larly, no adverse effects have been observed due to accidental injection of air into semi-
niferous tubules. At present, it is assumed that fibrous or atrophic testes result from
interference with blood supply to recipient testes.

After lacZ staining, elongated spermatids and spermatozoa are recognizable on his-
tological sections. However, more detailed identification of each germ cell type by
nuclear morphology is difficult due to the blue precipitate formed after lacZ staining.

6. CONCLUSIONS

The spermatogonial transplantation technique is currently the only biological assay
system that unequivocally detects male GSCs. The technique is amenable not only for
qualitative but also for quantitative analyses of GSCs and spermatogenesis. Since its
development, the transplantation technique has facilitated investigations into the char-
acterization of GSCs and a better understanding of the process of spermatogenesis.
Furthermore, ex vivo manipulation of the GSC genome during the transplantation pro-
cedure has provided a new approach to producing transgenic animals.

However, similar to research on all types of stem cells, the major drawback of the
biological assay of GSCs, spermatogonial transplantation, is that GSCs are detected
only retrospectively. Because we have to rely on this retrospective assay system, the
study of male GSCs and spermatogenesis is time consuming and limited in its extent.
To solve these problems, GSC-specific markers need to be identified that are tightly
linked to the dual biological functions of stem cells. Stem cell markers will allow a
prospective assay of GSCs and further enable us to isolate GSCs. Efficient GSC ma-
nipulation will be achieved with the establishment of in vitro culture systems in which
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GSCs expand their population. Efforts to determine stem cell markers and stem cell
expansion culture conditions will complement each other and contribute to a better
understanding of male germ cell biology and manipulation of male germ cells.

Extension of the transplantation technique, including cryopreservation, purification
of GSCs, and manipulation of the male germ line, should be pursued in other animal
species, in particular agricultural animals. The testis is a powerful bioreactor that pro-
duces numerous gametes over the lifetime of a male. Manipulation of the male germ
line of agricultural species is certainly a valuable approach to efficient production of
transgenic animals for agricultural and medical applications.

It is also necessary to improve the efficiency of GSC colonization and regeneration
of spermatogenesis upon spermatogonial transplantation into recipient testes. It has been
reported that administration of gonadotropin-releasing hormone (GnRH) agonist to re-
cipient mice can improve the regeneration of spermatogenesis after transplantation (41,
42). Such an approach to improvement of the transplantation technique will facilitate
development of practical and clinical applications of this technique.

As described earlier, xenogeneic transplantation is feasible but has had limited suc-
cess. However, xenogeneic germ cell transplantation into testes of experimental ani-
mals is expected to facilitate studies of male germ cells in various species, particularly
in humans. Human hematopoietic stem cells (HSCs) can be transplanted into immu-
nodeficient mice and regenerate human hematopoiesis in the mouse (43, 44). Sup-
ported by xenogeneic transplantation systems, biological studies and gene therapy
technologies for human HSCs have greatly advanced (10). For example, the stem cell
markers for human HSCs are different from those for mouse HSCs (10). Therefore,
to understand the biology of human male germ cells and GSCs as well as to extend
the transplantation technique to clinical situations, the possibility of regeneration
of human spermatogenesis in the testes of mice or other appropriate animal species
needs to be further pursued. It should also be noted that xenogeneic transplantation
will reduce ethical concerns associated with human germ cell manipulation and
experimentation.

Finally, together with development of various assisted reproductive technologies,
the spermatogonial transplantation technique will pave new avenues toward male
fertility preservation and genetic modification through the male germ line in the
future.
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Protocol 22.1. Standard operating procedure

Preparation of recipient mice

1. Use recipient mice at 4 weeks of age or older and immunocompatible to the do-
nor strain.

2. Prepare busulfan solution first in DMSO and then add an equal volume of water
to make a desired final concentration.

3. Weigh each mouse and intraperitoneally inject the well-mixed busulfan solution
according to the body weight. See (18) for dose regimens for specific mouse
strains.

4. Maintain the busulfan-treated recipient mice for at least 4 weeks before trans-
plantation to destroy endogenous spermatogenesis.
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Donor cell preparation

1. Remove testes and peel off the tunica albuginea. Mechanically loosen the semi-
niferous tubules.

2. Incubate testes in ~10 volumes of collagenase type IV solution (1 mg/ml in Hank’s
balanced salt solution; HBSS) at 32°–37°C for 10–15 min with occasional agita-
tion to release interstitial cells from the seminiferous tubules.

3. Sediment the tubules by a unit gravity and remove supernatant.
4. Add HBSS and wash off the interstitial cells by removing supernatant. Repeat

once.
5. Resuspend the tubules in 0.25% trypsin/1 mM EDTA and incubate 10 min.
6. Confirm the complete digestion of tubules and add 10% volume of FBS to stop

digestion. Cell aggregations can be further digested by addition of DNase I at
1 mg/ml.

7. Filter the donor cells using nylon mesh to remove remaining debris.
8. Centrifuge the cells at 500 g and resuspend at an appropriate cell concentration

with the germ cell culture medium. Addition of trypan blue enables visualization
of donor cell introduction into recipient seminiferous tubules.

Injection procedure

1. Load the cells into a silicone tubing that is connected to a 1-ml syringe.
2. Attach a siliconized glass microinjection pipette to the tubing and transfer donor

cells with pressure applied to the plunger of the syringe.
3. Make a small incision on the midline of the recipient’s abdomen. Take out a

testis, and place the epididymis and the fatty tissue in such a way that the open-
ing of the rete testis can be observed.

4. While pulling the epididymis and fatty tissue, find the efferent ducts.
5. While holding and gently pulling the efferent ducts, remove fatty tissues from

the ducts.
6. While pulling the ducts, insert the injection pipette into the ducts at around one-

quarter of the distance between rete testis and epididymis.
7. Introduce the pipette following the duct until the tip of the pipette reaches the

rete testis.
8. Gently apply the pressure to the plunger of the syringe, while holding the pi-

pette. The donor cell suspension first goes into the rete testis and then into se-
miniferous tubules.

9. Return the testis to the abdomen and repeat the same procedure for the other
testis.

10. Suture the incision and maintain the recipient mice until analysis.

Solution/buffer/medium

Collagenase IV (Sigma, St. Louis, MO): final concentration 1 mg/ml in HBSS. Pre-
pare fresh.

DNase I (Sigma): final concentration 1 mg/ml in HBSS. Prepare fresh.
Germ cell culture medium—DMEM (high glucose, Gibco BRL, Gaithersburg, MD)

containing
10% FBS
6 mM glutamine
30 mg/ml penicillin
50 mg/ml streptomycin

lacZ rinse buffer
200 mM phosphate buffer (pH 7.3)



346 A LABORATORY GUIDE TO THE MAMMALIAN EMBRYO

2 mM MgCl2

0.01% sodium deoxycholate
0.02% Nonidet P-40 (NP40)

X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside): 25 mg/ml stock solution
in DMSO

lacZ staining buffer. Prepare fresh. In the lacZ rinse buffer
5 mM potassium ferricyanide
5 mM potassium ferrocyanide
X-gal solution at a final concentration of 1 mg/ml

Protocol 22.2 Preparation of recipient mice

1. Use mice immunocompatible with a donor strain at 4 weeks of age or older as
recipients.

2. Determine empirically an appropriate dose of busulfan for a recipient strain of
choice. Previous studies show that 44 mg/kg body weight is optimal for C57BL/
6 (B6) × SJL F1 hybrids and Ncr nu/nu mice, and 50 mg/kg body weight is opti-
mal for B6 × 129 F1 hybrids (3, 18, 28). Histological sections can be made to
evaluate the level of germ cell elimination after busulfan injection.

3. Weigh and dissolve busulfan (Sigma, St. Louis, MO) in DMSO. The busulfan
solution can be prepared at 4.0 mg/ml (final, after adding water; see step 4) and
an appropriate volume of the solution injected according to the body weight of
an individual mouse to provide the dose of busulfan predetermined in step 2. Note:
Busulfan is a carcinogen and should be handled accordingly.

4. Add an equal volume of sterile distilled water immediately before injection. The
water solubility of busulfan is low; thus, after adding water, busulfan may pre-
cipitate if the injection procedure is lengthy. To prevent precipitation, the busul-
fan solution can be maintained at 35°–40°C (3). Alternatively, multiple vials of a
small amount of busulfan solution dissolved in DMSO can be prepared and water
added to each vial immediately before each set of injections.

5. Mix the busulfan solution well and intraperitoneally inject the appropriate volume.
6. Maintain recipient males for at least 4 weeks before use. During this period, most

endogenous germ cells disappear, and Sertoli cells and a small number of sper-
matogonia are found in the seminiferous epithelium.

Protocol 22.3 Donor cell preparation

Donor cells are prepared using a two-step enzymatic digestion (3, 17).

1. Sacrifice donor mice and remove the testis. Remove the tunica albuginea using
fine forceps. The testis can be mechanically loosened to allow efficient enzy-
matic digestion.

2. Prepare 1 mg/ml collagenase type IV (Sigma) in HBSS without calcium and mag-
nesium in a conical tube. Incubate testes in 10 volumes of collagenase solution.
For immature testis, addition of 1 mg/ml collagenase type I (Sigma) allows more
efficient digestion.

3. Incubate at 32°–37°C with occasional agitation for 10–15 min or until the tu-
bules are dissociated.

4. Let the tube stand to allow the tubules to sediment.
5. Remove the supernatant to eliminate dissociated interstitial cells. Add HBSS

without collagenase and let the tubules sediment.
6. Repeat the washing step (step 5).
7. If removal of the peritubular myoid cells is desired, treat the tubules with 1 mg/

ml hyaluronidase dissolved in HBSS in the same manner as in steps 3–6 (40).
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8. Incubate the tubules in HBSS containing 0.25% trypsin and 1 mM EDTA at 32°–
37°C for 5–10 min. Occasional pipetting allows efficient digestion.

9. Add HBSS containing DNase I to a final concentration of 1 mg/ml. Pipette the
cell suspension to make a single cell suspension and to completely disrupt cell
aggregates that may develop during the preceding digestion processes. Verify
the completion of enzymatic digestion under a microscope.

10. Add 10% volume of FBS to stop trypsin activity.
11. Filter the cell suspension through a nylon mesh to remove any large pieces

of undigested materials, which may plug a pipette during transplantation. A
60- to 70-mm pore size nylon mesh is appropriate, but a different pore size
may be preferred depending on the type of application. For example, donor
cell preparation for fluorescence-activated cell sorting requires a finer
filter (25).

12. Wash the nylon mesh with HBSS.
13. Centrifuge the filtered cell suspension at 500 g for 5 min at 16°C. Remove the

supernatant.
14. Resuspend the cell pellet in germ cell culture medium. Count cells. Cell viabil-

ity after digestion of freshly dissected testes is usually ≥ 95%. These cells can
be cryopreserved using a regular cell-freezing medium required for somatic cell
cryopreservation (36).

15. Adjust the cell concentration as desired. When intact adult testes of B6/129
ROSA26 transgenic mice are used as the source of donor cells, transplantation
of 100 × 106 cells/ml cell suspension results in approximately 20 colonies/testis
(18). Trypan blue solution (0.4%) can be added at approximately 10% of the
final volume to visualize donor cell suspension flowing into the tubules during
the injection procedure.

16. Place the cell suspension on ice before and during injection.
17. Donor cells prepared in this manner can be used for ex vivo manipulation of

germ cells, such as cell separation and cell culture. If donor cells are cultured
in a monolayer, the cells can be digested with 0.25% trypsin–1 mM EDTA so-
lution and prepared for transplantation as described in steps 8–16.

Protocol 22.4 Injection procedure

Three approaches have been reported for the donor cell injection procedure (3). The
difference in these approaches is where the injection pipette is inserted: (1) directly into
the seminiferous tubules, (2) into the efferent duct or the bundle of the ducts, or (3) into
the rete testis. Although all three methods are equally effective in spermatogonial trans-
plantation, the most versatile approach is the second, injection through the efferent duct
or the bundle of the ducts, which is described below. The other two approaches have
been described in Ogawa et al. (3).

The injection procedure can be performed either using a microinjection apparatus
(1–3) or manually. The setting and injection procedure with a microinjection apparatus
have been described previously (1–3), so only a manual injection procedure is described
here.

Injection pipette

Prepare the injection pipette using a 3-inch length of borosilicate glass with internal
diameter of 0.75 mm and external diameter of 1 mm. The glass tubing, which is sili-
conized to minimize cell loss, is drawn on a pipette puller. Break the tip of the pipette
with a pair of watchmaker’s #5 forceps to adjust the size of the tip to that of the bundle
of efferent duct. Connect the other end of the pipette to silicone tubing (0.03 inches
internal diameter × 0.065 inches outer diameter), which is attached to an edge-polished
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20-G needle connected to a 1-ml syringe. Before connecting to the needle, the donor
cell suspension is loaded into the silicone tubing by negative pressure applied through
the plunger of the syringe, then transferred into the pipette.

Efferent duct injection

The efferent ducts run between the head of the epididymis and the rete testis, from which
all seminiferous tubules originate. Insertion of the injection pipette into the efferent ducts
allows the transfer of donor cells through the rete testis into virtually all the seminifer-
ous tubules.

1. Anesthetize a recipient mouse and make a small incision (~ 3 mm) on the mid-
line on the abdomen. Place the mouse under a dissection microscope set at ~12×
magnification.

2. Set a testis on a sheet covering the incision in such a way that the cranial end of
the testis faces the surgeon (Figure 22.3A). Place the epididymis and the fatty
tissue toward the opposite direction to the side of the testis; when the right testis
is injected, place the epididymis toward the left side of the recipient mouse (Fig-
ure 22.3A).

3. Identify the efferent ducts and clear them from the fatty tissue under a dissection
microscope. In mice, multiple efferent ducts are bundled together into one that
runs between the rete testis and the head of the epididymis. The bundle of the
ducts, which is encapsulated with a thin membrane and surrounded by the fatty
tissue, can be found cranial to the vascular pedicle as a transparent line in con-
trast to opaque fatty tissue (Figure 22.3B). Following the ducts toward the testis,
the opening of the rete testis (“window”) can be found as a shady spot with an
oval shape on the surface of the testis (Figure 22.3C). In rats, multiple windows
can be found according to the number of ducts. While gently pulling the ducts
with the forceps, clear excessive fatty tissue away from the ducts to expose the
bundle near the testis at a length one-fourth to one-third the distance to the epid-
idymis. The dissection should be done carefully in the area close to the rete testis
so that the ducts are aligned in one line toward the rete testis. However, complete
isolation of the ducts from the fatty tissue is not necessary if the fatty tissue is
cleared enough to expose the ducts and to enable alignment of the window, ducts,
and needle.

4. While gently pulling the ducts with the forceps, insert the tip of the injection pi-
pette into the area of the ducts bundle cleared in step 3. Follow the duct until the
tip of the pipette reaches the rete testis. As the donor cell suspension includes
trypan blue, the location of the pipette is relatively easily identified. When the
pipette reaches the rete testis, release from the friction can be felt or the seminif-
erous tubule fluid can be observed to flow into the injection pipette from the tes-
tis. The edge of the opening of the rete testis may also be felt when the tip of the
pipette is laterally moved.

5. While holding the injection pipette with one hand, apply pressure by gently push-
ing the plunger of the syringe with the other hand. The cell suspension, visual-
ized by trypan blue, first accumulates in the rete testis, then runs into the tubules
(Figures 22.3D, E). Inject 5–10 ml of cell suspension into one recipient testis that
was pretreated with busulfan.

6. Pull out the injection pipette and observe the surface of the testis visualized by
trypan blue included in the donor cell suspension. Although donor cells can be
injected until the cell suspension fully covers the whole surface of a recipient
testis, it is optimal to inject at a level where 70–85% of the testis surface is
covered with the dye. Care should be taken not to inject so much of the donor
cell suspension that blood vessels become very thin or disappear from the sur-
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face of the testis. If the recovery of blood flow is not observed after a few min-
utes, small incisions can be made on the tunica using a 26-G needle to release
the pressure.

7. Return the testis into abdomen and suture the incision. The whole procedure takes
15–30 min for one mouse or two testes. Recipients are maintained until analysis
or to mate with females.

Protocol 22.5 Analysis

As described earlier, when donor cells are derived from transgenic mouse strains that
express lacZ marker gene in germ cells, the donor-derived spermatogenesis can be readily
visualized with incubation of recipient testes in a solution of 5-bromo-4-chloro-3-indolyl-
b-D-galactoside (X-gal). To observe complete establishment of colonies of donor-
derived spermatogenesis, 2 months are required when ROSA26 mice are used as donor
and 3 months when Syx4 mice are used as donor (1–3, 18). Each colony can be further
analyzed in histological sections.

lacZ staining

1. Sacrifice recipient mice and remove the testes and the epididymis. The epididy-
mis has endogenous b-galactosidase activity, so it serves as the positive control
for the staining reaction.

2. Place the testis in PBS and remove the tunica albuginea.
3. Using fine forceps, mechanically disperse the seminiferous tubules to facilitate

penetration of fixative and staining solution.
4. Place the testes in cold 4% paraformaldehyde in PBS.
5. Fix the testes for 2 h at 4°C with gentle agitation.
6. Transfer the testes into lacZ rinse buffer.
7. Incubate the testes for 1 hr at 4°C with gentle agitation.
8. Repeat step 7 twice. The total length of the washing step is 3 h for 3 washes.
9. Place the testes in X-gal solution and incubate 8–16 h at 32°C with gentle agi-

tation.
10. Fix the testes in 10% neutral-buffered formalin.

Analysis of lacZ-stained recipient testes

Beginning at 1 month after transplantation, donor-derived colonies are recognized as
distinctive segments of the seminiferous tubules (“colonies”) that are stained blue (fig-
ure 22.2) and the number of donor-derived colonies is readily counted (18). The size
of a colony can be measured using a stereomicroscope with an eyepiece micrometer
(18). Precise counting and measurement of colonies may require further dispersion
of tubules after lacZ staining using fine forceps or a pair of 1-ml syringes with 26-G
needles (Figure 22.2).

Histological examination of colonies can be made with paraffin sections. Since
b-galactosidase is expressed in the cytoplasm of the cells derived from the mouse strains
used in this protocol (ROSA26 and Syx4), nuclear fast red can be used for counterstaining.
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1. NUCLEAR TRANSFER

The methods of nuclear transfer in mammals have created many new opportunities in
biology, medicine, and agriculture. Potential uses of these technologies include pro-
duction of animal organs and tissues for transplantation to human patients (xeno-
transplantation), improvement of livestock, provision of human cells for treatment of
degenerative diseases (stem cell therapy), and analysis of specific gene product func-
tion and the mechanisms that regulate gene expression. These applications are discussed
in detail elsewhere (1, 2). Many of these nuclear transfer applications introduce genetic
changes in cells before their use as nuclear donors in order to genetically modify the
offspring. For example, research is focusing on producing genetically modified pigs
so that the organs and tissues will not be rejected by human patients following
xenotransplantation.

The purpose of this chapter is to describe, in detail, the Roslin sheep nuclear transfer
protocol. First, however, we begin with a brief review of what has been achieved in
somatic cell nuclear transfer in mammals to date, the limitations of the present proce-
dures, and a summary of the factors that influence development of cloned embryos.

1.1 Achievements and Limitations in Nuclear
Transfer Technology

The currently used nuclear transfer techniques are repeatable, as shown by their suc-
cess in many independent laboratories. Viable offspring have been produced using so-
matic cell nuclear transfer in at least five species: including sheep, mouse, cow, goat,
and pig. Despite these successes, it should not be assumed that the methods will be ef-
fective in all animals, as offspring have not been obtained in at least 3 other species (rat,
dog, and rhesus monkey), despite considerable effort by the same laboratories that have
been successful. A great variety of different cell types have been used in nuclear trans-
fer, including representatives of all three lineages, and failure to obtain offspring has
been reported in relatively few cell types (Table 23.1).
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Regardless of the species or the particular procedure used, nuclear transfer is an in-
efficient process, and typically between 1–4% of reconstructed embryos become live
offspring. This very low rate is the cumulative result of the death of embryos, fetuses,
and offspring at all stages of development. Following activation and fusion, only a cer-
tain percentage of embryos are able to develop (between 10% and 50%). Once implanted,
many different abnormalities of fetal and placental development can occur, and the rate
of miscarriage can be high. In the offspring that do reach term, many die during or after
birth due to lung maturation failure, kidney malfunction, and cardiovascular abnormali-
ties. Furthermore, it should not be assumed that all surviving clones are normal; despite
apparent physical well-being, they may still have genetic or epigenetic abnormalities.
Epigenetic effects on gene expression may have been responsible for the death of an
apparently healthy calf 7 weeks after birth, whose immune system failed to develop (3).
Other postnatal deaths have been reported, including one in a goat cloning study, in which
a cloned kid died after 1 month and another after 3 months (4).

1.2 Factors Affecting Development

Several factors influence the development of cloned embryos, of which the need to
maintain normal ploidy is the most important. Ploidy is influenced by coordinating the
cell cycles of donor cells and recipient oocytes and by allowing or preventing polar body
extrusions, depending on the circumstances (see section 2.2.1). The biological mecha-
nisms underlying this effect have been described elsewhere (5).

There are two main strategies to maintain normal ploidy. If the oocyte is at metaphase
II of meiosis and so expected to have a high level of maturation promoting factor (MPF)
activity (which causes the nucleus to breakdown, followed by DNA replication), then the
donor cell nucleus should be awaiting DNA replication (therefore in the G0 or G1). Alter-
natively, the oocyte may be preactivated and allowed to enter S phase and thus inducing
low levels of MPF activity. In this case, ploidy is maintained, regardless of the donor cell
cycle, and therefore such preactivated oocytes are called “universal recipients.”

Table 23.1. A Variety of Different Cell Types Have Been Used as Nuclear
Donors in the Five Different Species in Which Somatic Cell Nuclear Transfer
Has Been Successful

No Offspring
Donor Cell Age Donor Cell Type Offspring Produced Produced

Cumulus Mouse, Cattle, Goat
Oviduct Cattle
Uterine Cattle
Granulosa Cattle, Pig, Goat
Mammary Gland Cattle, Sheep

Adult Muscle Cattle
Fibroblasts Mouse, Cattle
Sertoli Mouse
Spleen Mouse
Macrophages Mouse
Thymus Mouse
Fibroblasts Cattle
Liver Cattle

Newborn Testis Cattle
Sertoli Mouse
Fibroblasts Mouse, Cattle, Sheep, Pig, Goat
Germ Cells Cattle

Fetal Liver Cattle
Gonad Mouse

ES cells Mouse
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There are also other effects of cell cycle beyond the simple maintenance of ploidy.
There is a window of opportunity during the donor cell cycle including G2/M, G1, and
G0 that is more appropriate for transfer. It is possible that during this window there are
changes in chromatin structure that allow access to those factors in the oocyte cytoplasm
that reprogram gene expression to be appropriate for normal development. Historically,
the first offspring to be produced by nuclear transfer from somatic cells were obtained
when the donor cells had been induced to leave the growth cycle and become quiescent
(6). Similarly, in most of the subsequent studies the donor cells were quiescent, although
others have claimed that they used cells in G1 (7), but the method used to characterize
cell-cycle stage was inadequate (8). More recently, offspring have been produced from
mouse embryonic stem cells judged to be in G2 phase (9). Earlier studies in mouse us-
ing blastomeres as donors showed an advantage of the G1 phase (presumed) in com-
parison to presumed S phase or G2 stage (10). However, there is still no satisfactory
comparison of which cell-cycle stage is the most advantageous with respect to somatic
cell nuclear transfer.

Other aspects of the transfer procedure are also important and include the timing of
activation after nuclear transfer and the recipient cell. In some species, there is a benefit
in delaying oocyte activation after nuclear transfer (from minutes up to several hours).
This was reported to be essential in mice (11) and to be advantageous in cattle (12), but
to offer no benefit in sheep (13). The mechanism is not understood.

Nuclear transfer was successful in the production of mice (14) and pig (15) clones
using serial nuclear transfer. This technique consists of an initial donor nuclear transfer
into an oocyte. After a period of time (15 min to hours), the donor nucleus is transferred
to an enucleated zygote. The authors in both studies suggested that the benefit of using a
zygote, as opposed to an unfertilized oocyte, may reflect more effective activation by the
initial fertilization or expression of transcripts from the pronucleus before enucleation.

There was a brief report of a dramatic improvement in nuclear transfer efficiency
(> 20% of the reconstructed embryos became live offspring) in mice after inducing
chemical enucleation (using demecolcine) of an activated oocyte (16). The positive effect
of chemically removing the nucleus over mechanical removal remains to be extended
to other species.

2. DESCRIPTION OF TECHNIQUES

Production of cloned offspring also depends on several enabling technologies, includ-
ing those for oocyte recovery or maturation, enucleation, cell fusion or nuclear injec-
tion (see Figure 23.1 for summary), embryo culture, storage, and transfer. The number
of species for which all these techniques have been established is very small.

2.1 Oocytes as Recipient Cytoplasts

2.1.1 In Vitro-Matured Versus Ovulated Oocytes

Selection of the most appropriate source of mature oocytes is influenced by the state
of the art in reproductive technologies for a given species and the costs associated
with each one. Oocytes to be matured in vitro can be obtained from slaughterhouse
ovaries (in the case of livestock) or by harvesting from females at an appropriate stage
in their estrous cycle. Otherwise, mature oocytes can be obtained from superovulated
females. In the mouse, large numbers of uniform metaphase II oocytes (15–20 per
female, depending on the strain) can be superovulated using established protocols at
minimal expense (17). As a result, most nuclear transfer studies in mice have used
superovulated oocytes (11, 18). In contrast, decades of research into optimizing meth-
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ods for the in vitro maturation, fertilization, and culture of bovine embryos (reviewed
by Thompson [19]) have yielded systems that have effectively replaced superovula-
tion as a source of cytoplasts for nuclear transfer (7, 12, 20, 21, 22). However, these
in vitro systems still yield a more heterogeneous population of oocytes with variable
developmental competence (23–25). With respect to other species, somatic cell nuclear
transfer has produced viable piglets and goat herds from both superovulated and in
vitro-matured oocytes (15, 26, 27). However, primates have only been cloned (with
embryonic blastomeres) using the former (28). All of the original studies describing
the production of viable embryonic or somatic nuclear transfer sheep also relied on
superovulatated oocytes (6, 13, 29).

2.1.2 In Vitro Handling of Oocytes for Nuclear Transfer

Optimal handling of metaphase II oocytes entails processing oocytes as quickly as pos-
sible. Time constraints can depend on the nature of the nuclear transfer approach se-
lected as well as on the species. As oocytes age (relative to their time of ovulation or
maturation), they become more prone to spontaneous activation (30–32). This appears
to be related to time-dependent cell cycle and cytoplasmic changes that result in a par-
tially activated state that can make it more difficult to coordinate cell cycle activities
between an oocyte cytoplast and a transplanted karyoplast (33), the importance of which
is discussed below. Despite this, aged cattle oocytes are still able to support embryonic
karyoplasts and can yield viable offspring provided they are used as universal recipi-
ents (21). Also, in pigs the optimal time to electrically activate in vitro-matured or ovu-
lated oocytes for the best yield of diploid parthenogenetic blastocysts is confined to a
limited window of time lasting 2–3 h (34–36).

Before their use as cytoplasts for nuclear transfer, oocytes or fertilized zygotes need
to be stripped of their cumulus investment. Because cumulus cells contribute to oocyte
developmental competence (37, 38), they are removed immediately before enucleation,
either mechanically by pipetting or enzymatically using hyaluronidase. Whereas pipetting
is sufficient and preferred when cumulus is sparse, hyaluronidase is an effective means
to process large numbers of oocytes or zygotes, especially when their cumulus invest-
ment is great.

2.1.3 Enucleation

Oocyte or zygotic enucleation is generally achieved mechanically by aspiration using
glass pipettes. Frequently, this entails pretreatment of oocytes or zygotes with cytocha-
lasin B or D to destabilize cortical microfilaments and thus facilitate the disruption of
the plasma membrane. A piezo microinjection system, designed to minimize physical
damage of the oocyte during enucleation and nuclear transfer, has been used success-
fully for somatic nuclear transfer in mice and pigs (11, 27). However, this system is not
absolutely essential for somatic cloning in these species (26, 39).

The enucleation of meiotic spindles or pronuclei from species such as mice whose
oocytes and zygotes are translucent can largely be achieved using plane-polarized light,
specifically by the method of Differential Interference Contrast (DIC) microscopy (40).
But this method is of limited value when working with the lipid-rich and thus optically
dense eggs of large domestic animals.

Traditional enucleation of optically dense nonrodent eggs has relied on the use of
DNA fluorescent dyes such as Hoechst 33248 to visualize the metaphase chromosomes
(Sigma, Dorsett, Poole, UK) (41). To minimize harmful irradiation of oocytes, the po-
sition of the meiotic spindle in a metaphase II oocyte is first estimated by the position of
the first polar body, without the use of UV. Following mechanical enucleation with a
pipette, success is confirmed by UV illumination of the pipette alone (see Protocol 23.4
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for details; see also figure 23.5). However, the orientation of the first polar body with
respect to the spindle can become uncoupled with oocyte aging or in vitro handling,
further reinforcing the importance of micromanipulating in a timely fashion (42, 43).

2.2 Somatic Nuclei as Karyoplasts for Nuclear Transfer

2.2.1 Nuclear Donor Preparation

The optimum method for preparing cells for nuclear transfer has been the subject of de-
bate. Induction of a quiescent (G0) state in nuclear donor cells by serum deprivation con-
tinues to be routine in our laboratory. The importance of cell cycle coordination between
donated nuclei and recipient egg cytoplasm, to maintain DNA integrity and ploidy, is well
established. In cloning experiments using metaphase II-arrested eggs as cytoplasts, the
DNA content of nuclear reconstructed embryos can also be regulated by controlling polar
body extrusion after egg activation (see Figure 23.1). Traditionally, this has been achieved
using cytochalasin to depolymerize cortical microfilaments (18, 44, 45). Alternatively,
nuclear retention and structure after activation can be influenced by treatments with the
serine threonine kinase inhibitor 6-dimethylaminopurine (DMAP) (46) or microtubule
depolymerizing agents such as nocodozole (35). Thus, as has been best exemplified in the
mouse, the DNA content of an unreplicated diploid nucleus (2n, 2C) in G0/G1 can be pre-
served after transfer by suppression of polar body extrusion. Conversely, the DNA con-
tent of a replicated diploid nucleus (2n, 4C) in G2 or M phase can be returned to normal
ploidy by allowing polar body extrusion after transfer (11, 18, 47).

2.3 Methods of Nuclear Transfer

The donor nucleus is transferred to the enucleated oocyte by direct injection or cellular
fusion. The latter technique is perhaps the most common. Experiments in mice have
used the fusogenic properties of viruses by precoating cells with inactivated Sendai virus
with or without phytohemagglutinin, the latter intended to make cell surfaces stickier
(reviewed by Barton and Suvani [40]. In large domestic animals, fusion by electro-
poration of closely apposed membranes has been the method of choice (reviewed in
Smith [48] and has been used successfully for somatic nuclear transfer in sheep, cattle,
goats, and pigs (6, 7, 15, 49). Recently, electrofusion of somatic cells has also been re-
ported to yield viable mice (50). Arguably, the advantage provided by injection is to
deliver a karyoplast relatively devoid of donor cytoplasm that therefore may be able to
integrate better with the oocyte cytoplasm. However, this approach requires greater
micromanipulation skill and access to costly specialized systems (e.g., piezo).

2.4 Activation

Although a broad range of physical and chemical stimuli are known to parthenogeneti-
cally activate mammalian eggs (reviewed by Machaty and Prather [51]), four have been
proven successful in the cloning of viable animals following somatic nuclear transfer.
These include the use of electrical activation for sheep and pigs (6, 27); strontium chlo-
ride (SrCl2) for mice (11); ethanol activation in goats (49); calcium ionophore (e.g.,
ionomycin) followed by DMAP in the cloning of cattle and pigs (7, 26).

2.5 Postactivation Handling

The choice of strategy for embryo culture and transfer varies with species and depends on
the effect of the hole in the zona needed for nuclear transfer, the normal number of young
in that species, the efficiency of culture methods, and the approach to embryo transfer.
Surgical transfer of mouse embryos may occur at the two-cell stage up to blastocyst stages,
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to oviduct or uterus as appropriate (52). In cattle, one or two in vitro-cultured blastocysts
are nonsurgically transferred to the uterus (7). In sheep, as culture in the laboratory is less
efficient at present, embryos have usually been cultured in the ligated oviduct of a tempo-
rary recipient before a second transfer at the blastocyst stage (6). The pig requires a mini-
mum of four viable conceptuses at the time of maternal recognition of pregnancy for that
pregnancy to be maintained (53). In light of the high rate of developmental failure asso-
ciated with somatic nuclear transfer, pregnancy can be maintained either by the transferring

Figure 23.1. Summary diagram for nuclear transfer.
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vast numbers of reconstructed embryos or fertilized embryos or by hormonal supplemen-
tation of the recipient (15, 27). A novel alternative is the co-transfer of parthenogenetic
embryos, known to have a finite fetal life span (35).

3. PROTOCOLS FOR SHEEP NUCLEAR TRANSFER

We provided information that illustrates a chronological, step-by-step account of the
protocols, standard operating procedures (SOPs), instruments, and materials required
to perform somatic cell nuclear transfer in sheep (Protocols 23.1–23.11).

4. EXAMPLES OF THE TYPE OF DATA TO BE COLLECTED
AND THEIR ANALYSES

Monitoring the success of the nuclear transfer procedure is usually based on technical and
pre- and postimplantation developmental parameters. The nuclear transfer procedure is
monitored by collecting data on morphology and nuclear status of oocytes; rate of oo-
cytes suitable for enucleation; rate of oocytes successfully enucleated; fusion rates of
oocytes (in case of fusion methods); and lyses of oocytes during the manipulation steps.

4.1 Preimplantation Period

In the preimplantation period, including in vitro or temporary in vivo culture, early
developmental parameters such as cleavage rates, blastocyst rates, cell numbers, and
proportion of inner cell mass/trophoblast cells are informative (55). Data can be col-
lected on a variety of parameters, reflecting the quality of the embryos, or characteriz-
ing the reprogramming procedure. Here we list only a few of the potential parameters
to be recorded: nuclear swelling (56), metabolic assays (57), ploidy of the embryos and
nucleolar protein changes (58), gene expression and methylation changes of certain genes
(59), and telomerase activation (60).

4.2 Postimplantation Period

In the postimplantation period, nuclear transfer procedures often result in abnormalities.
Careful monitoring of the pregnancy is important to provide data to improve the proce-
dures and to enable veterinary interventions for the welfare of the recipient animals and
the developing fetuses. Technical development, especially in the area of ultrasonography,
is expected to contribute greatly to the better monitoring of nuclear transfer pregnancies.
Data can be collected on pregnancy rates and time of pregnancy losses; fetal develop-
mental parameters and abnormalities (ultrasonography or recovered fetuses [61]); length
of pregnancy; birth weight; perinatal abnormalities (see more details in section 5); post-
natal weight gain and behavioral studies (62); reproductive potential of cloned animals;
mitochondrial inheritance studies (63); and telomere length studies (64–66).

5. TROUBLESHOOTING AND COMMON PROBLEMS

Nuclear transfer is a complex procedure, involving numerous technical steps, some
of which require high level of skills to perform. The quality of the equipment and
tools can strongly influence the outcome. Furthermore, this technique is based on
biological resources varying greatly in quality among or even within experiments. In
this section, we address some of the most common problems. However, troubleshooting
can be a difficult issue in nuclear transfer, and the variety of interactions among the
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elements of the complex procedures can sometimes puzzle even the most experienced
researchers, resulting in mysterious declines and increases in efficiency over a period
of time.

5.1 Biological Resources

5.1.1 Recipient Oocytes

In vivo oocytes can be collected from the oviduct of recently ovulated donors. The quality
of the oocytes for nuclear transfer can vary tremendously among donor individuals or
even within the same donor, especially in farm animals. Other factors that could influ-
ence oocyte quality and/or number are breed or strain, age, and nutritional and repro-
ductive history of the donor. Oocytes from certain individuals can have much more fragile
zona pellucida, sticky or very dark cytoplasm, and can be more prone to lysis or cyto-
plasmic fragmentation during manipulation or after activation. Seasonal differences are
clear, especially in certain species or breeds, and most probably even occasional me-
teorological events can influence the oocyte quality and numbers by changing the
donor animals hormonal system. Superovulation protocols profoundly affect the num-
ber, synchrony, and the quality of the oocytes. The age of oocytes is also an important
parameter and can affect the localization of the metaphase plate compared to the polar
body (42, 43). Electrofusion of the oocyte with the newly introduced cell is less effi-
cient in aged oocytes; however, in most species older oocytes can also be activated more
readily (67). In other species, such as pigs, however, the optimal window of age for
activation is narrower (35).

In vitro-matured oocytes, obtained from slaughterhouse ovaries or by ovum pickup,
can be used for nuclear transfer with good success. Slaughterhouse material is usually
much less expensive; however, the efficiency of the in vitro maturation methods varies
among species and in general results in lower quality oocytes.

5.1.2 Nuclear Donor Cells

A large variety of cells have been used successfully for nuclear transfer experiments,
whereas other cell types have been less successful or failed entirely (see table 23.1).
The cell-cycle status of the donor cell has a major influence on the outcome of the nuclear
transfer (5). However, the optimal method for preparing the chosen cells for nuclear
transfer is not established. Size and morphology of the cells varies even from a fairly
homogenous cell culture, affecting the efficiency of the nuclear transfer embryo recon-
struction procedure. Larger cells usually electrofuse better with the cytoplast, due to a
larger membrane surface in contact. However, in fibroblast cell cultures, smaller cells
are more likely to be in G0/G1 stage and are often selected for nuclear transfer. Fresh
cumulus cells are smaller than fibroblast cells and more homogenous in size. The mor-
phology of the membrane of the donor cells may vary depending on the preparation of
the cell suspension and could influence fusion rates.

Cell lines can vary in their capability to produce offspring after nuclear transfer.
Furthermore, cell culture, depending on the number of cell doublings and culture con-
ditions, can result in epigenetic changes. Monitoring the cultured cells for ploidy
changes and major translocations by staining methods allows gross abnormalities to
be detected and prevents the use of abnormal cell lines in nuclear transfer. However,
minor changes are difficult to detect, and it is impossible to guarantee that the cell
chosen for nuclear transfer is genetically suitable to develop into a healthy offspring.
Targeting experiments requires longer culture periods, and this may increase the
chances for abnormalities. Cell senescence might result in apoptosis and degradation
of DNA, although it is not known how early apoptotic events might influence the
outcome of nuclear transfer.
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In conclusion, it is advisable to use early passage cells and monitor their ploidy.
However, the only reliable test for the suitability of a cell line for nuclear transfer is the
production of a healthy cloned offspring.

5.2 Technical Steps of Nuclear Transfer

5.2.1 General Setup

Nuclear transfer requires a high level of attention and control of technical parameters.
The less time the oocytes are exposed to suboptimal conditions (e.g., during microma-
nipulation, outside of the incubator) the better the results. An environment free of
disturbances, arranged to accommodate the researcher’s personal work preferences is
essential. Noises, strong airflow, and temperature changes can result in suboptimal
conditions.

5.2.2 Microscope

The quality of the manipulation microscope is very important, and the proper visuali-
sation of the metaphase plate during enucleation is essential. In certain species it is
possible to observe the metaphase plate with DIC or Normarski optics (in the mouse,
and to some extent in sheep and rabbit), or it has to be visualised with fluorescent stain-
ing and UV exposure of the oocyte or the removed cytoplasm. New technical develop-
ments, such as high-sensitivity video cameras to reduce the intensity of UV exposure
(68), or new, more sensitive dyes (69) might improve the results.

5.2.3 Temperature Control

Oocytes are sensitive to low temperature, and, depending on the species, this may be an
important factor during micromanipulation. Porcine oocytes are sensitive and the use
of heated microscope stages or warming up the manipulation room is advisable. Tem-
perature of the micromanipulation can affect membrane flexibility and lead to lysis of
the oocytes after enucleation or injection of cells.

5.2.4 Vibration Attenuation

Vibrations from the floor or the walls can be transmitted to the microscope, disturbing
the micromanipulation work. The detachment of the micromanipulator bench from the
walls and the use of antivibration tables or microscope stands is important. This equip-
ment is available commercially or can be constructed easily using squash balls under
heavy metal plates.

5.2.5 Micromanipulation

Various systems are available on the market, often modified by the researcher to ac-
commodate personal preferences. In general, the success of the enucleation or embryo
reconstruction process mostly depends on the control of the vacuum in the system. The
sensitivity of the microinjector syringe is crucial, and the commercially available mod-
els are often not fine enough. Sensitivity can be modified by varying the size of the
syringe, the tubing, the filling (air, different-density oils, or fluorinert), and the param-
eters of the enucleation capillary. Loss of control is often due to air bubbles entering the
oil-filled system. Purging the system of air bubbles and refilling with oil is time con-
suming and frustrating but difficult to avoid. Capillary parameters are very important,
and commercially available ones are not always suitable for the given manipulation
process. Elements of the micromanipulation system are interactive; for example, changes



SOMATIC CELL NUCLEAR TRANSFER 361

in the filling of the tubing might require changes in the size of the holder pipette. Piezo
devices used for cloning require a more steady manipulator-arm system and rigorous
control of technical parameters, including the filling and shape of the capillary and the
strength of the piezo pulses. Use of mercury in the capillary can improve the results but
represents a potential health hazard.

The manipulation solution must maintain its pH and osmotic parameters during the
entire process. In general, it is important to avoid changes in osmolarity during the
micromanipulation. Usually the solution contains agents that modify the flexibility of
the cytoplasmic membrane. Cytochalasin B is the most commonly used, but it has side
effects, including interfering with glucose transport mechanisms. Cytochalasin D does
not have this latter side effect and a lower concentration is required for the same effect,
on the membrane.

The manipulation chamber can vary depending on the process and personal prefer-
ences. In general, the optical quality of the chamber and its suitability for DIC optics is
better with the use of glass slides and with the reduction of the overlaying oil. However,
plastic Petri dishes with microdrops are also suitable and often used. The manipulation
chamber, the design of the capillaries, and the position of the micromanipulator arms
must be fitted together for a successful process.

5.2.6 Glass Microtools

While making the enucleation pipette, avoid overheating the glass capillary when break-
ing it on the microforge, as this can shorten and thicken the glass at the break. If the
broken end of the microtool is thick, it will take longer to grind the tool on the grinding
wheel and may also cause the tool to have a constriction, which makes the pipette dif-
ficult to use. Make sure that the pipette is properly ground because otherwise it is diffi-
cult to put a spike on a pipette.

5.2.7 Enucleation, Electrofusion, and Activation

To prevent harmful irradiation, the oocytes must be removed from the field of view before
exposing the enucleation pipette to the UV light.

A variety of electrofusion devices are available on the market. It is critical that at the
point where oocytes and donor cell are in contact, the membrane is perpendicular to
the electric field. Application of a short AC pulse before the fusion pulse can improve
the contact between the membranes and the positioning of the two cells. However, in
nuclear transfer with small somatic cells, the effect is not very marked, and manual
correcting of the positioning between the AC and DC pulse is beneficial. It is important
to reduce changes in the liquid, so frequently changing the fusion solution is beneficial,
depending on the drop size. Introduction of electrolytes into a nonelectrolyte fusion
solution can result in the lyses of the oocytes and must be avoided by proper washes
between the solutions. In case of delayed activation methods, the fusion solution must
be free of Ca2+ ions. Accuracy of fusion rates can be compromised by the occasional
lyses of the newly introduced, yet not fused cell; the presence of cytoplasmic or polar
body fragments under the zona pellucida, similar in size to the donor cell; or by late
fusion events, after the time of the evolution.

5.3 Embryo Culture, Fetal Development, and Birth

5.3.1 In Vivo Culture

Several factors influence the choice of culture system and time of embryo transfer. Ef-
fective in vitro culture methods are only available for some species (e.g., mouse and
cow), and in other species in vivo culture is beneficial at present (e.g., sheep). Nonsur-
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gical transfer to the uterus is possible in cattle if the embryos have been cultured to the
blastocyst stage. In some species, embryos are destroyed after transfer to the oviduct
after a hole has been made in the zona pellucida for nuclear transfer. This appears to be
the case in sheep and cattle, but it is not in mice or pigs. To protect sheep embryos dur-
ing transfer, in vivo agar chips can be made around the embryos (6); however, extreme
care is required to control the temperature of the agar chip. The transfer and the recov-
ery of the embryos from the temporary recipient introduces additional surgical proce-
dures, which can result in embryo losses. Care during removal of hatching or hatched
blastocysts from agar chips is necessary to avoid damage to the embryos without the
protective zona. The optimal stage of the recipient’s cycle compared to the embryo age
is not well defined in the case of nuclear transfer embryos. When transferring the nuclear
transfer oocytes to oviduct of the temporary recipient ewe, care must be taken not to
damage the oviduct with the transfer pipette.

5.3.2 In Vitro Culture

In vitro culture allows the temporary recipient step to be omitted and provides more
accurate data on the dynamics of early development after nuclear transfer. However, in
vitro culture systems often result in embryos with inferior viability compared to in vivo-
cultured ones. Furthermore, in vitro systems including serum can result in complica-
tion such as large offspring syndrome in ruminants (70). Evaluation of the cultured
embryos before final transfer without nuclear staining is difficult due to the presence of
cytoplasmic fragments.

5.3.3 Fetal Development

Nuclear transfer embryos are prone to losses during the entire period of gestation. The
reasons for the high rates of losses are not fully understood. Nuclear transfer pregnan-
cies must be treated as problematic, with frequent monitoring and special precautions.
Elective caesarean sections, oxygen application after birth, or hydrocortisone pretreat-
ments before birth to mature the respiratory system results in better survival of the ani-
mals (12).

5.3.4 Postnatal Losses

Live birth of a cloned animal does not necessarily guarantee a healthy offspring. Respi-
ratory problems can be resolved soon after birth; however, late effects might cause fur-
ther losses. Lethal immunodeficiency in a calf developed several weeks after birth (3)
and abnormal obesity of cloned mice several weeks after birth (62) have been reported.

6. CONCLUSION

Somatic cell nuclear transfer is a repeatable procedure that has been successful in sev-
eral species but is severely limited in its applications at present because the production
rate of cloned healthy offspring is very low. The nuclear transfer protocol provided here
has been successfully used in sheep and provides excellent guiding principle for nuclear
transfer in all mammals. Yet the exact procedures used for oocyte recovery, nuclear
transfer, timing of activation, activation method, enucleation method, serial or single
transfer, in vitro versus in vivo embryo culture, and means of embryo transfer will de-
pend on the species, and techniques should be changed accordingly. Unfortunately, there
have been few comparisons between different methods. As these experiments are car-
ried out and new ideas are tried, we should expect the efficiency to increase.
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Protocol 23.1. Synchronization and superovulation of ewes for oocyte recovery

The following sections provide details on obtaining mature oocytes for nuclear transfer
recipients from superovulated ewes.

Materials and solutions

Ewes in reasonable body condition (condition score > 2)
Ovagen: ovine FSH (oFSH), 1 U (9 mg), 8, 2 ml doses injected subcutaneously (from

Immunochemicals Ltd., New Zealand).
Veramix sponges (Upjohn Ltd.)
GnRH receptal, 2 ml/ewe injected intramuscularly (Hoechst UK, Ltd.)
PMSG: Folligon 150 IU/ewe injected intramuscularly (Intervet)
Suture: Dexon (Davis and Geck Ltd)
Thiopentone sodium B.P. (Sodium Intraval)

Donor ewe treatment schedule

Protocol 23.2. Recovery of oocytes from superovulated donor ewes

Materials and Solutions

Catheter: a short piece of plastic tubing of suitable diameter pushed into the oviduct
of the ewe.

Flushing medium: PBS + 1% FCS PBS—Dulbecco a, Oxoid BR 14a).

Oocyte recovery

1. Anesthetize a superovulated donor ewe using sodium intraval.
2. Perform a midline laparotomy.
3. Move the uterus outside the body cavity to expose the ovaries and oviducts.
4. Place a small catheter in the fimbria and hold in place, preventing leakage past

the side of the canula.
5. Using a blunt 18-G needle introduced close to the uterotubule junction, flush 20

ml of warm flushing medium through each oviduct.
6. Collect the flushings in a sterile collection tube.
7. Search for the cumulus oocyte complexes.

Procedure Time Day

Sponge in — 0
oFSH 8 AM 10
oFSH + PMSG 5 PM 10
oFSH 8 AM 11
oFSH 5 PM 11
oFSH 8 AM 12
oFSH 5 PM 12
oFSHa 7 AM 13
oFSH 5 PM 13
Sponge outb 9 PM 13
Heat + GnRH 7 AM 14
Starve PM 14
Oocyte recovery AM 15

aAnd sponge out for Scottish Black Face.
bFor Poll Dorset.
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Protocol 23.3. Instruments and materials required for nuclear transfer

Microscopes and manipulators

For embryo manipulation, a Nikon TE300 inverted microscope with DIC (differential
interference contrast) and an epifluorescent light source is used. The microscope is fit-
ted with two Narishige MO-Joystick Hydraulic Micromanipulators and IM-16 Microme-
ter type microinjectors. The microinjectors are fitted with 100, 250, or 500 ml gas tight
syringes (Sigma, Dorset, UK) in addition to a three-way tap (Vigon VG1) and syringe
to allow easier filling of the gas-tight syringe. The system is filled with Fluorinert FC
77 (Sigma, F-4758).

The manipulation pipettes are from Clark Electromedical Instruments. The pipettes
are pulled by a Campden Instruments moving coil microelectrode puller (model 753).
A Research Instruments MF1 microforge is used, underneath which a homemade grinder
is fitted. This has a rotating disc of 4 cm diameter, which can be fitted with aluminium
oxide paper in sizes of 0.3, 1.0, and 3.0 mm (3M), and which rotates at speeds of 0–60
rpm. An additional tool holder with a length of tubing and a syringe is used as an air
pump when grinding the pipettes.

A BLS CF 150/B impulse generator produces cell fusion. The fusion chamber is
constructed by gluing two platinum wires onto the bottom of a glass Petri dish, at a dis-
tance of 200 mm using araldite epoxy resin. Embryos are handled using Leica MZ 75
and MZ 125 dissecting microscopes, fitted with Linkam, MTG minitub and homemade
warm stages. In addition to the above equipment, the following instruments are also
required: an electronic thermometer (PTM1; Petracourt Ltd.); Drummond model 105
and 325 pipettes; automatic pipits (Gilson), 10, 20, 100, 200 and 1000 ml; and glass chips
measuring 4 × 25 mm cut from 2-mm thick glass.

Embryos are cultured in Heraeus Instruments series 6060 triple gas incubators for
long-term culture (Kendro Laboratory Products), Hera Cell CO2 incubators for short-
term culture, and Merck mini incubators for keeping oocytes warm on the bench.

Medium

Both SOFaaBSA and hSOF media are required and need to be made with and without
calcium and with or without the addition of 10% FCS (54). See Tables 23.2 and 23.3
for compositions.

Table 23.2. SOFaaBSA Composition

Component Sigma Cat. N. g/1000 ml

NaCl S-5886 6.29
KCl P-5405 0.534
Kh2PO4 P-5655 0.162
MgSO4H2O M-1880 0.182
Sodium lactate * L-7900 0.6 ml
Penicillin P-4687 0.06
NaHCO3 S-5761 2.1
Phenol Red P-5530 0.01
Na pyruvate P-4562 0.0357
CaCl2H2O C-7902 0.262
L-Glutamine G-5763 0.3
BME B-6766 20 ml
MEM M-7145 10 ml
BSA A-6003 4
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Holding pipettes

1. Pull glass capillaries (GC10-100) by hand over a small flame to give a diameter
of 100–150 mm.

2. Mount a drawn capillary in the microforge and make the first bend close to the
start of the pulled part at 45°.

3. Make a second bend 10 mm from the first to straighten the capillary and make
parallel to the rest of the capillary.

4. Make a third bend 20 mm from the last bend at 45° and a fourth bend, close to the
last bend, making the pipette parallel to the pipette again.

5. Cut the glass using a diamond pencil 2 mm from the last bend, making sure that
the cut is at 90° to the glass.

6. Fire polish the end of the pipette over the filament of the forge to close the end to
diameter of approximately 20 mm.

Enucleation pipettes

1. Pull glass capillaries (GC100T 15) using a moving coil microelectrode puller to
give a diameter of slightly more than the required diameter, and a second taper
which is almost parallel.

2. Mount a capillary in the microforge and break this at the required diameter by
fusing the glass onto the glass bead on the microforge and turning off the heat
while drawing it away. Do not overheat the capillary, as this may lead to distor-
tion of the pipette and thickening of the glass.

3. Mount the pipette in an instrument holder and attach the instrument to a pump so
that air is blown through the pipette (this will help prevent dirt from entering the
pipette). Use a turntable mounted on the microforge with an aluminium oxide
disc with various sizes of grit of 0.3, 1.0, and 3.0 mm (depending on the diameter
of the pipette being ground) to grind the pipette to an angle of 35–45°. Care should
be taken to grind the pipette completely because problems can arise if grinding is
incomplete.

4. Mount the ground pipette in a tool holder attached to a syringe and tubing.
5. Clean the pipette by immersing it in 20% hydrofluoric acid for 30–60 s to dis-

solve any glass particles and makes the glass smooth.
6. Wash the pipette with sterile distilled water to remove the acid.
7. Mount the pipette horizontally in the microforge so that the hole is visible, and

touch the end of the pipette onto the glass bead at the minimum temperature to
melt the glass. Pull the tip into a spike, which will help the pipette pierce the zona
pellucida more easily.

Table 23.3. hSOF Composition

Component Sigma Cat. N. g/1000 ml

NaCl S-5886 6.29
KCl P-5405 0.534
Kh2PO4 P-5655 0.162
MgSO4H2O M-1880 0.182
Sodium lactate * L-7900 0.6 ml
Penicillin P-4687 0.06
NaHCO3 S-5761 0.42
Phenol Red P-5530 0.01
Na pyruvate P-4562 0.0357
CaCl2H2O C-7902 0.262
Hepes H-3784 5.208
BSA A-6003 4
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Note: enucleation pipettes have also been made by Humagen Fertility Diagnostics
Inc. (Charlottesville, A).

Materials and solutions for preparing the manipulation chamber

Petroleum jelly/wax mixture. Mix 9 g petroleum jelly and 1 g hard paraffin wax in a
beaker and heat gently until the mixture is melted. Decant into 10-ml disposable
syringes and allow to cool.

Cytochalasin B stock solution. Add DMSO to cytochalasin (Sigma) to make a
5 mg/ml solution.

Siliconized glass slides. Wash good-quality slides thoroughly and rinse five times in
distilled water. Dip the washed slides in Sigmacote (Sigma) and drain off excess
fluid, dry well, and wash again with distilled water and 70% alcohol.

Preparation manipulation chamber (Figures P23.1 and P23.2)

1. Apply a thin line of the petroleum jelly mixture 22 mm in length along both
edges of an alcohol-sterilized and siliconized slide.

2. Attach a cleaned and alcohol-sterilized glass chip to each line of the mixture.
3. Apply a thin line of petroleum jelly mixture to the top of the glass chips.
4. Pipette 300 ml of manipulation medium (HEPES-buffered SOF minus calcium

with the addition of 10% FCS and 7.5 mg/ml cytochalasin B) into the middle of
the chamber.

5. Clean a glass coverslip with alcohol and place it over the manipulation medium.
6. Seal the ends of the chamber with Dow-Corning silicone fluid (BDH). This will

prevent the osmolarity from changing and also allow the entry of the glass
microtools.

7. Place the prepared manipulation chamber on the microscope stage.
8. Attach the holding pipette to the left tool holder, ensuring that any air bubbles

are removed from the tubing tool holder and pipette.
9. Move the holding pipette into the chamber, keeping it parallel to the microscope

stage. Draw a small quantity of the manipulation mixture into the pipette.
10. Wash the enucleation pipette with FCS to prevent the karyoplast from sticking

to the glass during enucleation.
11. Attach the enucleation pipette into the right holding tool, ensuring that all air

bubbles have been expelled.

Figure P23.1. Manipulation chamber showing positions of the holding pipette (A) and enucle-
ation pipette (B) in reference to the manipulation chamber (C). (Photograph by W. A. Ritchie.)
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12. Move the enucleation pipette into the manipulation chamber, tilting the pipette
at a slight angle to allow the end of the pipette to touch the bottom of the slide.

13. Rotate the pipette until it is seen in profile with the ground edge seen as a straight
line.

Protocol 23.4. Enucleation of oocytes

Materials and solutions

Manipulation chamber and microtools
Metaphase II oocytes (see Protocol 23.2 on recovery of mature oocytes from supero-

vulated ewes)
Hyaluronidase solution, aliquotted in PBS in suitable volumes to give a final con-

centration of 300 IU/ml (store at –20°C)
hSOF medium without calcium plus 10% FCS
Cytochalasin B (store in the dark at 4°C)
Bisbenzamide (Hoechst 33342, Sigma; store in aliquots at –20°C)
hSOF medium with 10% FCS

Enucleation method (see Figures P23.1 and P23.2)

1. Remove the cumulus cells from the oocytes in hSOF minus calcium with the
addition of hyaluronidase to give a concentration of 300 IU/ml. Incubate for up
to 10 min at 38°C while pipetting gently with a Gilson pipettor. All of the cu-
mulus cells should be removed.

2. Place batches of 10–20 oocytes in hSOF minus calcium with cytochalasin B and
Hoechst at 38°C for 15 min.

3. After incubation, transfer the oocytes to the manipulation chamber.
4. With 40× magnification, pick up an oocyte on the holding pipette.
5. Move the microscope stage to a position where the other oocytes are not in view.
6. Move the lens to give a magnification of 200× DIC.
7. Use the enucleation pipette to turn the oocyte so the first polar body is in a po-

sition at either 4 or 2 o’clock (depending on which way the enucleation pipette
is facing).

Figure P23.2. Manipulation chamber set-up. The manipulation chamber contains the manipu-
lation fluid and is covered with a coverslip which rests on the glass strips (A), previously coated
in petroleum jelly mix. The open edges are sealed with Dow Corning silicone fluid (B). Once on
the stage, the holding pipette (C) and eunucleation pipette (D) are inserted through the silicone
fluid seal into the manipulation chamber. (Photograph by W.A. Ritchie.)
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8. Suck the oocyte firmly onto the holding pipette so that it does not move.
9. Insert the enucleation pipette through the zona pellucida and aspirate the polar

body and area adjacent to it into the pipette (Figure P23.3).
10. Remove the oocyte from the field of view, turn off the light, and expose the

enucleation pipette plus the fragment of cytoplasm to UV light using a UV-2A
filter block. The polar body fluoresces bright blue and the metaphase plate is a
less bright blue (figure P23.3). The metaphase II plate may appear as a line or a
disk or anything in between depending on the orientation of the plate.

11. If the enucleation was successful, move the lens back to the 40× magnification
and then move the microscope stage so the enucleated oocyte is deposited at the
right side of the chamber.

12. Deposit the enucleated oocyte in a position that makes it easy to remove the
oocytes from the chamber and then discard the fragment from the enucleation
pipette.

13. The process can be repeated if the metaphase chromosomes have not been re-
moved.

14. Remove batches of enucleated oocytes from the chamber and store in hSOF +
10% FCS.

Figure P23.3. Enucleation. The holding pipette (A) secures the Hoescht-stained oocyte in place.
The polar body (B) and metaphase chromosomes (usually located next to the polar body) are
removed by the enucleation pipette (C) by piercing the zona pellucida (D) and then sucking out
the chromosome, the polar body (B), and some cytoplasm (E). The eunucleation pipette (C) is
irradiated with UV light to determine that both polar body (B) and metaphase chromosomes
(F) have been removed. (Photograph by W. Ritchie.)
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Protocol 23.5. Embryo reconstruction

Materials and solutions

Manipulation chamber and microtools
Cumulus-free, enucleated oocytes
Serum-starved, quiescent donor cells
Fusion medium (0.3 M manitol with 0.1 mM MgSO4 and 0.05 mM CaCl2 in twice-

distilled water, 280 mOsm.
Fusion chamber, consisting of two 100-mm diameter platinum wires glued to the

bottom of a 4.5-cm glass Petri dish 200 mm apart (see figure P23.4).
hSOF with 10% FCS

Nuclear transfer

1. Prepare the manipulation chamber as for the enucleation procedure, containing
hSOF + 10% FCS.

2. Deposit a single-cell suspension of serum-starved cells in the top right side of
the manipulation chamber.

3. Place a group of 10 enucleated oocytes into the center of the manipulation cham-
ber.

4. Pick up an oocyte with the holding pipette and move the chamber to the right
side of the slide.

5. Focus the microscope on the bottom of the chamber and select a suitable cell.
6. Aspirate the cell into the enucleation pipette.
7. Refocus the microscope onto the enucleated oocyte and move the enucleation

pipette up to the level of the oocyte.
8. Push the pipette through the zona pellucida into the perivitelline space.
9. Expel the cell into the perivitelline space (to make a couplet), making sure that

it remains in contact with the oocyte cytoplasm.
10. On completion of the batch of 10 oocytes, carry out electrofusion.

Protocol 23.6. Electrofusion

Materials and solutions

Electrofusion chamber with platinum electrodes 200 mm apart (see figure P23.4)
BSL CF-150/B impulse generator for cell fusion
Manitol solution with calcium and magnesium
hSOF + 10 % FCS

Figure P23.4. Fusion chamber. Two platinum electrode wires are secured to the Petri dish. The
oocyte, containing the donor cell in the perivitelline space (the couplet), is placed in a drop of
medium, between the electrodes. An electric pulse is supplied by the pulse generator to fuse the
oocyte and donor cell together.
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Electrofusion

1. Wash the couplets (enucleated oocytes containing the inserted donor cell in the
perivitelline space) through a drop of manitol solution to wash off any manipula-
tion medium.

2. Place 300 ml of the manitol solution into the fusion chamber spanning the electrodes.
3. Pipette the couplets into the fusion chamber, to one side of the electrodes.
4. Place a single couplet between the electrodes and manually align the cells so that

the plane of contact of the cell and cytoplast are parallel to the electrodes. Precise
orientation is necessary for fusion to take place.

5. Apply a 0.25 kV/cm AC electric pulse for a few seconds followed by 3 × 1.25
kV/cm DC electric pulses in rapid succession for 80 ms (for each pulse).

6. Remove each fusing couplet from the chamber and place in hSOF + 10% FCS.
7. Transfer the fusing couplets into SOF for 1 h and culture at 38°C in a

5%CO2:5%O2:90% N2 gas mixture.
8. Assess for fusion after 1 h by turning the embryos around and confirming the

absence of the cell in the perivitelline space.
9. Transfer fused couplets into Nunc 4-well plates with 500 ml of SOFaaBSA/well,

in batches of 25–40, and overlay with Sigma mineral oil for long-term culture or
culture overnight.

Protocol 23.7. Culture of reconstructed embryos for temporary transfer into
recipient ewes

Materials and solutions

Molten agar (1.2%) dissolved in PBS (Dulbecco a) and heated until dissolved.
Recipient ewe
Reconstructed embryos

In vitro embryo culture

1. Place the molten agar into a suitable dish and allow it to cool to 39°C, using an
electronic thermometer to monitor the temperature.

2. When the agar is at 39°C, transfer the dish to the microscope warm stage and
drop one or two embryos into the warm agar using a 5-ml Drummond pipette.

3. Suck a small quantity of agar containing the embryos into the pipette, taking care
that the embryos are embedded completely in the agar and are not too close to
the edge of the agar cylinder.

4. Remove the pipette from the agar and allow the agar to solidify before expelling
the agar cylinder and embryos into hSOF.

5. Trim any excess agar from the ends of the cylinders.
6. Transfer the agar cylinders into the double-ligated oviduct of a temporary recipi-

ent ewe using a 25-ml Drummond pipette. The ligatures should be placed close to
the utero-tubal junction.

7. Transfer the reconstructed embryos into 4-well Nunc dishes containing SOFaaBSA
and culture under oil, in a 5:5:90 gas mixture, for 6 days at 38°C.

Protocol 23.8. Preparing temporary recipient ewes for embryo transfer

Materials and solutions

Ewes in reasonable body condition (condition score > 2.5)
Veramix sponges
PMSG: Folligon, 400 Iu/ewe injected intramuscularly
Suture: Dexon
Thiopentone sodium B.P. (Sodium Intraval)
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Temporary recipient ewe schedule

Protocol 23.9. Transfer and recovery of agar chips from temporary recipient ewes

Materials and solutions

Synchronized ewes
Embryos embedded in agar
Drummond pipettor
hSOF

Transfer and recovery of agar chips

1. Anesthetize a pseudopregnant ewe using sodium intraval and carry out a mid-
ventral laparotomy and expose the reproductive tract.

2. Place the agar-embedded embryos into hSOF at 38°C.
3. Double ligate the oviducts at the uterotubual junction.
4. Pick up the agar cylinders using a Drummond pipettor.
5. Insert the end of the pipette into the fimbria end of the ligated oviduct.
6. Push the pipette as far down the oviduct as possible using fine forceps.
7. Expel the agar cylinders into the oviduct and carefully remove the pipette.
8. Suture the incision and allow the ewe to recover.
9. At day 7 after embryo reconstruction, euthanize the ewe and recover the oviducts.

10. Dissect out the oviducts and remove the ligatures.
11. Flush the agar cylinders from the oviducts using a blunt 18-G needle and 10 ml

of medium.
12. Examine the flushings under the dissecting microscope and remove the agar cylinders.
13. Place in fresh medium and assess embryo development.
15. Dissect out the embryos, which have successfully developed to the compacted

morula or blastocyst stage, using two 25-G × 0.5-inch needles attached to two
1-ml syringe barrels.

Protocol 23.10. Preparing final recipient ewes for embryo transfer

Materials and solutions

Ewes in reasonable body condition (condition score > 3)
Veramix sponges
Suture: Dexon
Thipentone sodium HB.P. (Sodium Intraval)

Final recipient ewe schedule

Procedure Time Day

Sponge in — 0
Sponge out + PMSG — 12
Heat — 14
Starve PM 15
Embryo transfer — 16
Starve PM 21
Embryo recovery — 22

Procedure Time Day

Sponge in — 0
Sponge out — 13
Heat — 15
Starve PM 21
Embryo transfer — 22
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Protocol 22.11. Transfer of embryos to final recipient ewes

Embryo transfer

1. Anesthetize a day 7 pseudopregnant recipient ewe and perform a midventral lap-
arotomy.

2. Pick up one, two, or three of the recovered compacted morula or blastocyst stage
embryos in a 3.5 Fr G Tom Cat catheter 11.5 cm long.

3. Make a small hole in the wall of the uterus using a blunt 18-G needle.
4. Insert the tip of the catheter into the lumen of the uterus and expel the embryos

into the animal.
5. Suture the incision and allow the animal to recover.
6. Examine the animal with ultrasound from day 21 to determine pregnancy.
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1. CRYOPRESERVATION

To cryopreserve cells alive without decreasing survival with the duration of storage,
they must be preserved at temperatures below the glass transition temperature, which is
around –130°C. In practice, liquid nitrogen (–196°C) is used for maintaining such a
temperature. To date, various methods for embryo cryopreservation have been devel-
oped, and embryos of more than 20 mammalian species have been successfully cryo-
preserved (1). Cryopreservation, coupled with embryo transfer, is used to preserve
genetic variants in laboratory animals (mainly mice), for breeding and reproduction in
farm animals (mainly cattle), and for treatment of infertility in humans. Furthermore,
embryo cryopreservation is expected to be used for the conservation of wild species.
Here we give a brief outline of embryo cryobiology and describe some reliable proto-
cols for embryo cryopreservation.

1.1 Historical View

In 1949, Polge et al. (2) happened to discover that glycerol enhanced the survival of
frozen-thawed fowl spermatozoa. This discovery of a cryoprotectant made it possible
to cryopreserve various types of cells. However, protocols developed for small cells,
such as spermatozoa, were not effective because embryos have quite a large amount of
cytoplasm. In larger cells, ice is more likely to form in the cytoplasm, which is a major
cause of cell injury in cryopreservation.

In 1972, Whittingham et al. (3) reported the successful deep freezing of mouse em-
bryos, resulting in the production of viable young. They cooled embryos with approxi-
mately 1 M cryoprotectant very slowly (0.3–0.5°C /min) to –80°C, stored them in liquid
nitrogen, and then warmed them slowly (4°–25°C/min) before embryo recovery. The
original slow-freezing method proved effective for embryos of other mammalian spe-
cies, including humans (4–6). However, it required a long time for cooling and an elabo-
rate device to control the cooling rate. Subsequently, it was found that slowly cooled
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samples could be plunged into liquid nitrogen at around –30°C if the samples were
thawed rapidly (360°C/min) (7). This conventional slow-freezing method is now widely
used for the cryopreservation of mammalian embryos.

In 1985, Rall and Fahy (8) devised a rapid method called vitrification, in which
embryos suspended in a highly concentrated solution are directly plunged into liquid
nitrogen. Vitrification is the complete solidification of a solution without crystalliza-
tion, and thus without the formation of ice. This approach eliminated the slow-cooling
process as well as the need for elaborate equipment. Another advantage of this approach
is the high levels of viability of embryos if conditions are optimized because of the
absence of extracellular ice.

More recently, modified vitrification methods have been developed, which enable
ultrarapid cooling and warming by minimizing the volume of the vitrification solu-
tion (9–11). This approach is expected to enable cryopreservation of embryos
that are sensitive to cryo-induced injuries such as damage from intracellular ice and
chilling.

1.2 Mechanisms of Cell Injury

If mammalian embryos are frozen in a physiological solution, they will be injured by
intracellular ice or perhaps crushed by the extracellular ice because the embryo is a large
cell mass (12). To prevent this, the inclusion of a cryoprotectant in the suspending so-
lution is essential. Although the cryoprotectant allows the embryo to survive, intracel-
lular ice is still a major cause of cell injury. Furthermore, the cryoprotectant can be toxic
to the cell, and removal of the permeated cryoprotectant from the cell at recovery may
cause osmotic injuries. In addition, cryopreserved embryos are at risk of chilling injury
and fracture damage. All of these obstacles must be circumvented for embryos to sur-
vive cryopreservation (Figure 24.1).

1.2.1 Chilling Injury

At certain stages, embryos of some species (e.g., pig embryos before the peri-hatching
stage) are sensitive only to cooling to below +20°C. Embryos with chilling sensitivity
appear dark with cytoplasmic lipid droplets. Possible strategies to circumvent this in-
jury are to remove the droplets (13), to use embryos at later stages when the amount of
droplets has decreased (14), or to adopt ultrarapid cooling and warming in which the
critical temperature can be passed rapidly (9). Embryos of rodents and humans appear
bright and are not susceptible to chilling.

1.2.2 Intracellular Ice Formation

With slow freezing, embryos are at high risk of forming intracellular ice from seeding
by extracellular ice. To prevent this, embryos must be loaded with cryoprotectant, and
the suspending solution must be seeded and cooled very slowly so that cellular contents
become concentrated by gradual dehydration in response to the concentration of the
extracellular unfrozen fraction during the growth of extracellular ice (15). After suffi-
cient concentration, the embryos, together with the extracellular unfrozen fraction, will
be vitrified in liquid nitrogen (Figure 24.2). With the vitrification method, in contrast,
the chance of intracellular ice forming is small because there is no ice outside the cells
during cooling. In a solution with a reduced amount of cryoprotectant, ice may form in
the solution during warming, a process known as devitrification. Devitrification is not
harmful as long as the ice remains outside the cell. In any case, however, intracellular
ice can form even in vitrification if the concentration of cryoprotectant in the cell is not
high enough.
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1.2.3 Toxicity of Cryoprotectants

The cryoprotectant used for embryo cryopreservation is almost always glycerol, ethyl-
ene glycol, DMSO, or propylene glycol. The mechanism of the protective action of these
permeating agents is considered the same, but their toxicities are different. For slow
freezing, the concentration is limited to 1–2 M, and the toxicity is relatively low. In
vitrification, however, the concentration can be as high as 8 M, and selection of a low-
toxicity agent is more important. Ethylene glycol and glycerol are considered less toxic
than propylene glycol and acetamide (16).

1.2.4 Fracture Damage

When cryopreserved embryos are recovered, they are occasionally cracked. This physical
injury, called fracture damage, is thought to be caused by nonuniform changes in the
volume of the liquid and solid phases of the medium during rapid phase changes. Frac-
ture damage can be reduced by reducing the cooling and warming velocities during
passage through the temperature range where the phase change would occur (around

Figure 24.1. Schematic of injuries in cryopreserved embryos.
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–130°C) (17). Fracture damage is also related to the container for the embryos, with
more flexible containers resulting in less damage (18). In conventional vitrification using
straws, fracture damage can be prevented completely by cooling and warming to the
phase transition temperature in a gas phase (19).

1.2.5 Osmotic Swelling

Just after warming, cryopreserved embryos contain a permeated cryoprotectant, which
has to be removed. If the embryos are directly recovered in an isotonic solution, they
risk injury from osmotic swelling because water diffuses in far more rapidly than the
cryoprotectant diffuses out. The sensitivity of embryos to osmotic swelling differs
with the stage of development, but cryopreserved embryos just after warming are more
sensitive than fresh ones at all stages (20). The most common strategy for preventing
this injury is to dilute embryos with a hypertonic solution containing sucrose as a non-
permeating solute to counteract the inflow of excess water (21, 22). Including sucrose
in the cryopreservation solution may help prevent cells from swelling in a sucrose
solution (23, 24), as small saccharides such as sucrose promote cell shrinkage before
dilution.

1.2.6 Osmotic Shrinkage

When the permeated cryoprotectant diffuses out of the cells when using a sucrose solu-
tion, embryos remain shrunken. This hypertonic shrinkage may also be injurious to the
cells (25). As in the case of hypotonic stress, cryopreserved cells are sensitive to this
injury just after warming. Therefore, after diffusion of the permeated cryoprotectant out
of the cell in a hypertonic solution, the embryos should be transferred into a less hyper-
tonic solution, and finally into an isotonic solution.

Figure 24.2. Schematic showing the intra- and extracellular states of embryos during cooling
by slow freezing and vitrification.



CRYOBIOLOGY: SLOW FREEZING AND VITRIFICATION OF EMBRYOS 379

1.3 Permeability of Embryos to Cryoprotectant

The permeability of the cell membrane of embryos to cryoprotectant is an important
factor in determining the conditions for cryopreservation (26). The permeability can be
analyzed from the change in volume during suspension in the cryoprotectant solution
(27). Upon suspension, embryos shrink quickly, losing water in response to the extra-
cellular osmolality. Then, as the cryoprotectant permeates, water reenters the cell to
maintain intracellular osmotic equilibrium, and the volume is slowly regained. The
permeating property differs not only among embryos (species and developmental stages)
but also with the cryoprotectant. For instance, the permeability of mouse embryos gen-
erally increases as development proceeds to the compacted morula. However, at the one–
cell stage, ethylene glycol is less permeating than propylene glycol, whereas in morulae,
ethylene glycol is far more permeating than other cryoprotectants (28). This is also true
for bovine embryos produced in vitro (29).

Generally, rapidly permeating agents are favored because the exposure time before
cooling can be shortened and because osmotic swelling during removal of the cryo-
protectant can be minimized. In general, the difference in the permeability of the cell
membrane among embryos of various species seems to be much smaller than the differ-
ence among embryos at various developmental stages. However, human blastocysts may
be an exception because Mukaida et al. (30) suggest that human blastocysts are much
less permeable not only to cryoprotectant but also to water.

2. METHODS OF CRYOPRESERVATION

2.1 Conventional Slow Freezing

Slow freezing is widely used for the cryopreservation of mouse, bovine, and human
embryos. Embryos are first suspended in 1–2 M cryoprotectant dissolved in a physi-
ological solution (modified PBS) at room temperature, then allowed to equilibrate with
the cryoprotectant for full permeation and loaded in a container (a cryostraw or a cryo-
tube) (Figure 24.3). At around –5°C, the formation of ice is induced (seeded), and the
sample is cooled very slowly (0.3°–0.5°C/min) to around –30°C and then stored in liq-
uid nitrogen. A slow cooling stage is necessary to prevent intracellular ice from form-
ing. In liquid nitrogen, the cytoplasm vitrifies in a state of supercooling. However,
because a supercooled solution can devitrify during warming at temperatures between
–90° and –40°C, samples must be warmed rapidly during passage through this tempera-
ture range (17). The warmed sample is diluted with a hypertonic solution containing
nonpermeating saccharide (usually sucrose) before the embryos are recovered in a physi-
ological solution. Although this method is likely to produce more consistent results than
vitrification, it has the disadvantage of a long, controlled slow cooling.

Although the mechanism of cryoprotection is the same, various protocols have been
used. For instance, DMSO has been used as cryoprotectant for mouse embryos, glyc-
erol or ethylene glycol for bovine embryos, and propylene glycol with sucrose for
human embryos. The temperature at which slow cooling is terminated is also variable,
ranging from 25° to 40°C. These variations are based not necessarily on the character-
istics of the embryo but on previous successful reports.

2.2 Conventional Vitrification

Vitrification, with recent improvements, has become a reliable strategy, not only be-
cause it is simple but also because it can lead to high survival. To induce vitrification in
liquid nitrogen, the solution must contain a very high concentration of cryoprotectant.
As it is a less toxic cryoprotectant, ethylene glycol is widely used. In addition, a small
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saccharide (e.g., sucrose) and a macromolecule (e.g., Ficoll 70, BSA, or PVP) are fre-
quently included in vitrification solutions. These nonpermeating agents are much less
toxic and are known to promote vitrification of the solution (8). Therefore, their inclu-
sion can reduce the toxicity of the solution by decreasing the concentration of the per-
meating agent required for vitrification. In addition, inclusion of a saccharide promotes
shrinkage of embryos and thus reduces the amount of intracellular cryoprotectant, which
will also reduce the toxic effect of the permeating cryoprotectant (31). At the same time,
the osmotic action of saccharide plays an important role in minimizing the swelling of
embryos during dilution, since a quick dilution is necessary to prevent the toxic effect
of the solution.

The basic procedure for vitrification is simple. Embryos are suspended in a vitrifi-
cation solution and then plunged in liquid nitrogen. The sample is warmed rapidly
and diluted quickly with a sucrose solution. The most important process is the expo-
sure of embryos to the vitrification solution before cooling. To prevent intracellular
ice from forming, a longer period of exposure is desirable. However, if the exposure
is too long, cells suffer from the toxicity of the solution. Therefore, the optimal expo-
sure time for successful vitrification must be a compromise between preventing the
formation of intracellular ice and preventing toxic injury. Actually, however, embryos
may be injured by the toxicity of the cryoprotectant before enough cryoprotectant can
permeate the cells. Therefore, a two-step procedure is commonly adopted, in which
embryos are first equilibrated in a dilute (e.g., 10%) cryoprotectant solution, followed
by a brief (30–60 s) exposure to a vitrification solution before the sample is cooled
with liquid nitrogen (32, 33). The optimal exposure time in the vitrification solution
depends not only on the cryoprotectant solution but also on the temperature, as both
the permeability of embryos and the toxicity of the cryoprotectant are largely influ-
enced by the temperature.

2.3 Ultrarapid Vitrification

In ultrarapid vitrification, essentially, embryos are treated by a procedure similar to con-
ventional vitrification. However, the volume of the vitrification solution is reduced to a
minimum using various tools. For instance, embryos are stuck on an EM grid (9) or on
a minute loop at the tip of a stick placed in a cryotube (a cryoloop) (11), aspirated in a
thin, open capillary (an open pulled straw) (10), or vitrified without any container (a
microdrop) (34). The aim of this approach is to cool and warm embryos literally in

Figure 24.3. Configuration of the straw for (A) slow freezing and (B) conventional vitrification.
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a moment by minimizing the volume needed for the vitrification. This new approach is
especially effective for embryos in which the permeability of the surface membrane is
low and thus preventing the formation of intracellular ice is not easy. An example is the
human blastocyst. It has been observed that human blastocysts are dehydrated and con-
centrated more slowly than earlier stage embryos, and a few trials to cryopreserve
human blastocysts by conventional vitrification using straws resulted in disappointing
rates of survival (30). However, the cryoloop method (Table 24.1) has proven effective
for human blastocysts (30). Ultrarapid vitrification has also been shown to improve the
postwarming survival of embryos and oocytes that have chilling sensitivity because the
critical temperature can be passed rapidly before the cells are injured (9).

With this method careful handling of the embryos and solution is required because
the concentration of the vitrification solution surrounding each embryo is liable to change.
For instance, technical skill and even the bore size of the pipette can make a big differ-
ence, and a small volume of the vitrification solution can become concentrated by evapo-
ration in a short period. In addition, the vitrification solution is usually exposed to liquid
nitrogen, and contamination with pathogens cannot be excluded (35). Further optimi-
zation of the protocol for each type of embryo will make this approach more reliable
and practical.

3. PROTOCOLS

In Protocols 24.1–24.3, we describe three methods of cryopreservation: conventional
slow freezing, conventional vitrification, and ultrarapid vitrification. Materials common
to all the protocols are listed below.

• Instruments: dissecting microscope with transmitted light, liquid nitrogen storage
tank, CO2 incubator.

• Tools: Dewar flask (or styrofoam vessel), Pasteur pipette and mouth piece for
embryo handling, 35-mm sterile plastic tissue-culture dish, thermometer, forceps,
indelible marker pens, timer, filter unit for sterilization.

• Reagent and material: paraffin oil (or mineral oil), liquid nitrogen.
• Solutions: all solutions should be filter sterilized and stored in tightly capped bottles

or tubes at 4°C. Keeping the solutions in sterile glass ampoules is best for long-
term storage.

4. EXAMPLES OF THE TYPE OF DATA TO BE COLLECTED

At cryopreservation, the following should be recorded:

• Sample number
• Date, time, room temperature

Table 24.1. Solutions for Ultrarapid Vitrification with a Cryoloop

Base medium Hepes-buffered modified HTF containing 5 mg/ml HSA*
Solution A To 10 ml base medium, add 0.1 g Ficoll 70 and 3.4 g sucrose
Cryoprotectant solution I To 840 ml base medium, add 75 ml DMSO and 75 ml ethylene glycol
Cryoprotectant solution II To 840 ml Solution A, add 175 ml DMSO and 175 ml ethylene glycol
Solution B To 10 ml base medium, add 3.4 g sucrose
Dilution solution I To 840 ml base medium, add 420 ml solution B
Dilution solution II To 840 ml base medium, add 210 ml solution B

*When 25% HSA solution is used, add 2% (v/v) HAS solution to base medium.
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• Embryo donor: species, strain, and parents
• Number of embryos in the sample
• Age, developmental stage, origin, and quality of embryos
• Type of sample: straw or cryovial
• Mark on the sample
• Cryoprotectant solution and method of cryopreservation
• Compartment in the storage tank.

At warming, the following should be recorded:

• Sample number
• Date, time, room temperature
• Number of embryos recovered
• Morphology of embryos at recovery in physiological solution
• Morphology of embryos after 1–3 h of culture
• Morphology and development of embryos after ~ 1 day of culture.

For a summary diagram, see Table 24.2.

5. TROUBLESHOOTING

5.1 Conventional Slow Freezing

For mouse embryos, the protocol is effective at various developmental stages, although
1.5 M DMSO is used as the cryoprotectant and the 20% calf serum in base medium is
replaced by BSA. Glycerol is unsuitable for two-cell embryos because it is less perme-
ating in embryos at early cleavage stages.

Essentially, the same protocol is effective in human embryos at the two- to eight-cell
stages, except that the cryoprotectant is 1.5 M propylene glycol + 0.1 M sucrose rather
than 10% glycerol (24), and the base medium is modified HTF, in which serum is re-
placed by HSA (36).

5.2 Conventional vitrification

The temperature for handling embryos in a cryoprotectant solution has significant ef-
fects. When the room temperature is higher than 25°C, the duration of exposure of
embryos to EFS40 must be shortened and vice versa (37). Elevating the temperature is
preferable for promoting the permeation of the cryoprotectant, but the optimal range of
the exposure time decreases because the toxicity of the cryoprotectant increases con-
siderably. For the protocol described (at 25°C), keep the lights off so as not to elevate
the temperature of the microscope stage when embryos are not being manipulated under
the microscope. Avoid warming the EFS40 column of the straw with fingers.

Table 24.2. Summary of the Three Protocols

Conventional Ultrarapid
Slow Freezing Vitrification Vitrification

Concentration of permeating CPA 1.4 M 7.2 M 4.7 M
Temperature of treatment 25°C 25°C 37°C
Period of CPA pretreatment 0 min 2 min 2 min
Time in final CPA solution 15-20 min 1 min 30 sec
Container Straw Straw Cryovial
Time required for cooling 90 min 3 min < 0.1 sec

CPA: cryoprotectant
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If only a small Dewar flask is available, immerse half of the straw containing the
embryos in liquid nitrogen first, and then cool the rest of the straw slowly in liquid ni-
trogen vapor. By this method, a small percentage of vitrified embryos may suffer frac-
ture damage. If the whole straw is immersed in liquid nitrogen in one step, it may rupture
because of the rapid increase in the volume of the freezing sucrose solution.

Compact morulae have the advantage of affording the highest survival after vitrifi-
cation among mouse embryos at various stages (38). Furthermore, morulae can be di-
rectly transferred to the EFS40 column in the straw without pretreatment in EFS20; the
optimal exposure time in EFS40 (at 25°C) is 30–60 s (37). In this case, embryos must
be loaded at the tip of a fine pipette to minimize the volume of base medium introduced
into EFS40.

For mouse blastocysts with a large blastocoel, base medium containing 10% (v/v)
ethylene glycol can be substituted for EFS20. In this case, suspend blastocysts in the
cryoprotectant solution for 5 min at 25°C, and then suspend the embryos in EFS40 in
the straw for 30 s before cooling in liquid nitrogen vapor (33).

For human embryos at two- to eight-cell stages, the protocol for two-cell mouse
embryos is effective, except that BSA in base medium is substituted with HSA.

For bovine blastocysts, embryos pretreated with EFS20 should be washed quickly
with EFS40 outside the straw, using a pipette loaded with EFS40, before transferring
the embryos to EFS40 in the straw. The total exposure time in EFS40 should be restricted
to 35–40 s.

The present protocol, with slight modification, has proven effective in embryos of
other species such as rabbit (39), horse (40), sheep (41), mastomys (multimammate rat)
(42), and Mongolian gerbil (43). Notably, rabbit embryos at the morula stage can be
cryopreserved efficiently; direct exposure to EFS40 for 2 min at 20°C before cooling
results in quite high survival (39).

5.3 Ultrarapid Vitrification: Cryoloop

Instead of warming solutions after preparation in a four-well multidish, it is possible to
warm the solutions and then prepare them in the dish. Because the amount of vitrifica-
tion solution on the cryoloop is very small, the solution is liable to be concentrated by
evaporation, which increases its toxicity. To prevent this, the cryoloop should be loaded
with the vitrification solution just before the loading embryo(s) on the loop. The amount
of vitrification solution on the loop need not be minimal, as long as the drop is kept on
the loop by surface tension. A Dewar flask containing liquid nitrogen should be placed
nearby to enable quick cooling.

At warming, the loop containing embryo(s) should be soaked in the sucrose solution
as quickly as possible, making sure the sample is never held in air. Again, liquid nitro-
gen and the sucrose solution should be placed nearby. When the loop is dipped in the
sucrose solution, the steel pipe portion should not be immersed to prevent bubbling.

At recovery in an isotonic solution, the blastocoel of the blastocyst will be collapsed,
and the embryo may look like a “morula.” However, the blastocoel will reform within
1–3 h of culture.

Data on the survival of human blastocysts from the HART Clinic (44) are presented
in Table 24.3.

Table 24.3. Survival Rate of Human Blastocysts

No. embryos vitrified/recovered 725
No. embryos that survived 583 (80%)
No. transfers 207
No. clinical pregnancies 76 (37%)
No. ongoing/delivered 55 (27%)
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6. CONCLUSION

Numerous protocols for the cryopreservation of mammalian embryos have been reported.
The protocols can be classified into four methods, original slow freezing, conventional
slow freezing, conventional vitrification, and ultrarapid vitrification. Although the prin-
ciple of cryopreservation is the same, strategies to circumvent various injuries (espe-
cially from the formation of intracellular ice) are different. The most suitable protocol
should be adopted for each case. For certain types of embryos such as human blasto-
cysts and bovine embryos at earlier stages, ultrarapid vitrification would be a prefer-
able choice because the survival rates of embryos cryopreserved by other methods have
been low. For other embryos such as mouse embryos, bovine blastocysts, and human
embryos at two- to eight-cell stages, both slow freezing and conventional vitrification
have proven effective. Slow freezing will bring more consistent results because embryos
are less likely to be injured by the toxicity of the cryoprotectant and thus can be handled
under less strict conditions. However, vitrification has a potential advantage in that higher
survival can be obtained if conditions, such as temperature and period of exposure of
embryos to the cryoprotectant, as well as the skill of pipetting, is optimized.
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Protocol 24.1. Conventional slow freezing

A protocol for bovine blastocysts used at the National Livestock Breeding Center,
Japan, which was modified from that reported by Takeda et al. (45) is described. Essen-
tially, the same protocol is available for embryos of other species (see “Troubleshoot-
ing” section in text).

Cryopreservation of embryos

Materials

• Instruments: programmable freezer, heat sealer (heated pliers or straw powder can
be substituted)

• Tools: 0.25-ml insemination straw (e.g., IMV, AA201, L’Aigle, France; straws can
be sterilized by ethylene oxide gas), 1-ml syringe, straw connector (2-cm-long
silicone tube or a shortened yellow tip)

• Reagents: glycerol, sucrose, calf serum
• Solutions: base medium (Dulbecco’s PBS containing 20% [v/v] calf serum), cryo-

protectant solution (base medium containing 10% (v/v) glycerol).

Methods

1. Label the 0.25-ml straw with a finely tipped marker pen (marker pens of vari-
ous colors are useful).

2. Connect the straw and 1-ml syringe with the connector.
3. Suspend embryos in the cryoprotectant solution at room temperature (~ 25°C).
4. Allow them to equilibrate in the solution for 10–15 min. Equilibrium can be con-

firmed by the recovery of the volume following initial shrinkage.
5. By aspirating the syringe, load ~15 mm of cryoprotectant solution, ~ 8 mm of

air, ~30 mm of cryoprotectant solution and ~ 8 mm of air. Under a dissecting
microscope, aspirate embryos with ~20 mm of cryoprotectant solution, followed
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by ~ 8 mm of air, ~10 mm of cryoprotectant solution and air (till the end), suc-
cessively, into the straw as shown in figure 24.3A. If the straw is to be sealed
with the straw powder, the end must be loaded with cryoprotectant solution with-
out air.

6. Seal the open end of the straw with the heat sealer. If the sealing is incomplete,
liquid nitrogen will penetrate the straw, causing it to explode and consequently
leading to the loss of the embryos.

7. At 15–20 min after suspending the embryos in cryoprotectant solution, transfer
the straw to the alcohol bath at –7°C in the programmed freezer.

8. After 5–10 min, touch the surface of the straw with forceps precooled in liquid
nitrogen to induce the formation of ice (seeding).

9. After 10 min, confirm that the entire cryoprotectant solution has seeded. Then,
start cooling the sample at 0.3°C/min in the programmed freezer.

10. At -30°C, stop cooling and plunge the straw into liquid nitrogen.
11. Preserve the straw in a canister in a liquid nitrogen storage tank.

Recovery of cryopreserved embryos

Materials

• Tools: water bath maintained at 38°C, embryological watch glass (or culture dish).
• Solutions: base medium (Dulbecco’s PBS containing 20% calf serum), dilution

solution I (base medium containing 6% [v/v] glycerol and 0.3 M sucrose), dilu-
tion solution II (base medium containing 3% [v/v] glycerol and 0.3 M sucrose),
sucrose solution (base medium containing 0.3M sucrose).

Methods

1. Prepare 100-ml drops of dilution solution I, dilution solution II, sucrose solution,
and base medium under paraffin oil in culture dishes.

2. Remove the straw from the liquid nitrogen using forceps and start the timer. After
keeping it in air (~25°C) for 10 s, immerse the straw in the water bath for 10 s
until the ice has completely melted.

3. Remove the straw and wipe the water with a paper towel.
4. Cut off both ends of the straw and recover the content in a watch glass.
5. Under a dissecting microscope, recover the embryos in a pipette and transfer them

successively to dilution solution I, dilution solution II, the sucrose solution, and
the base medium at 10-min intervals.

6. The embryos can be transferred to recipients immediately or after a certain pe-
riod of culture.

Protocol 24.2. Conventional vitrification

A protocol for mouse two-cell embryos (46) is described. Essentially, the same proto-
col is effective in mouse embryos at other stages of development (33, 37, 38), for human
embryos at the two- to eight-cell stage (47), and for bovine blastocysts (48) with slight
modification (see “Troubleshooting” section in text).

Cryopreservation of embryos

Materials

• Instruments: heat sealer (heated pliers or straw powder can be used instead)
• Tools: 200-ml flask, 1-ml disposable syringe, 18-G needle, 10-ml disposable sy-

ringe, tightly stoppered 10-ml sterile plastic test tube, 0.25-ml insemination straw
(e.g., AA201, IMV, L’Aigle, France), straw connector (silicone tube or a short-
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ened yellow tip), Styrofoam plate (5–10 mm thick, one on which can be placed
123-mm-long straws), embryological watch glass (or culture dish).

• Reagents: ethylene glycol, Ficoll 70 (mol wt ~70,000, Amersham Pharmacia Bio-
tech, Uppsala, Sweden), sucrose, BSA

• Solutions: base medium (Dulbecco’s PBS modified by addition of 5.56 mM glucose,
0.33 mM pyruvate, 100 IU/ml penicillin, and 3mg/ml BSA [49]; other physiological
solutions [e.g., M2 medium and HEPES-buffered HTF] can be substituted), EFS40
and EFS20 (see below), sucrose solution (base medium containing 0.5 M sucrose).

Methods

1. To make EFS40 and EFS20, prepare FS solution, which is base medium con-
taining 30% (w/v) Ficoll and 0.5 M sucrose. To a 200-ml flask containing 35.1
ml of base medium (omitting the BSA), add 15.0 g of Ficoll 70, and leave it to
dissolve (it takes some time). Add 8.56 g of sucrose and shake to dissolve. Then,
add 105 mg of BSA and dissolve. For a small volume of sample, one-tenth of
the FS solution can be made in a 10-ml test tube with a tight stopper.

2. Using 1-ml disposable syringes (with an 18-G needle), add 4 ml of ethylene
glycol and 6 ml of FS solution together in a 10-ml test tube with a tight stopper
to make EFS40, which is base medium containing 40% (v/v) ethylene glycol,
18% (w/v) Ficoll, and 0.3 M sucrose (31). Syringes are used to measure solu-
tion volumes, as the viscosity of the liquids makes accurate pipetting difficult.

3. Likewise, add 2 ml of ethylene glycol and 8 ml of FS solution together in a
10-ml test tube with a tight stopper to make EFS20, which is base medium con-
taining 20% (v/v) ethylene glycol, 24% (w/v) Ficoll and 0.4 M sucrose.

4. Repeatedly tilt the tubes hundreds of times until mixed completely. Filter ster-
ilize the 10 ml of EFS solution with a 0.45 mm filter unit because EFS solutions
are viscous. Preserve filtered EFS40 and EFS20 in tight-stoppered tubes at 4C.
Keeping the solutions in sterile ampoules is best for long time storage. For vit-
rification, load EFS40 and EFS20 (~1 ml each) in 1 ml syringes attached with
an 18-G needle.

5. Adjust the room temperature on the bench to 25°C and equilibrate all the solu-
tions and instruments at this temperature (for other temperatures, see “Trouble-
shooting” in text).

6. Pour liquid nitrogen into a Dewar flask and float a Styrofoam disk on it.
7. Label a 0.25-ml straw with a finely tipped marker pen (various colors are use-

ful). Connect the straw and a 1-ml syringe with a connector.
8. Pour 2–3 ml S-PB1 medium into a culture dish, and drop a few drops of EFS40

from the syringe containing EFS40 into a lid of a culture dish. Replace with fresh
EFS40 for each sample (evaporation of the solution can concentrate the cryo-
protectant). By aspirating the syringe with a connector carefully, load ~60 mm
of sucrose solution, ~15 mm of air, ~4 mm of EFS40, ~5 mm of air, and ~13
mm of EFS40 successively into the straw as shown in Figure 24.3B. Place it
horizontally near the edge of the bench. The first small EFS column removes
the sucrose solution sticking to the inner surface of the straw. The EFS40 is con-
fined to a rather small portion of the straw to increase the dilution rate with the
sucrose solution during perfusion after warming.

9. Drop a few drops of EFS20 into a lid of a culture dish. Replace with fresh EFS20
for each sample (evaporation of the solution can concentrate the cryoprotectant).

10. Prepare two pipettes; one aspirated with base medium, the other with EFS20.
11. Under a dissecting microscope, pick up embryos at the tip of the pipette with

base medium and suspend them in EFS20 and start the timer. The embryos shrink
instantly and move to the surface of EFS20.

12. Aspirate the embryos into the other pipette containing EFS20, and then transfer
the embryos to the EFS20 in the watch glass to wash them.
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13. Pick up the embryos in the pipette, and, at 2 min, transfer them into the 13-mm
EFS40 column in the straw with a minimal volume of EFS20.

14. Aspirate the syringe with air until the first larger column of sucrose solution is
aspirated into the cotton plug. If the straw is to be sealed with the straw powder,
the end must be loaded with sucrose solution separated by air.

15. Pull the straw out of the connector and completely seal the open end with the
heat sealer.

16. At 60 s after exposure of the embryos to EFS40, place the straw on the Styrofoam
in liquid nitrogen to allow it to cool moderately in the vapor. For cooling in a
small Dewar flask, see “Troubleshooting” in text.

17. After 3 min or more, store the straw in a canister in the liquid nitrogen storage tank.

Recovery of cryopreserved embryos

Materials

• Tools: scissors, 1-ml disposable syringe, 18-G needle, embryological watch glass,
water bath maintained at ~25°C.

• Solutions: base medium, sucrose solution, culture medium (e.g., M16 modified
by adding 10 mM EDTA and 1 mM glutamine).

Methods

1. Prepare two pipettes: one aspirated with the sucrose solution and the other with
the base medium.

2. Prepare 100-ml drops of the sucrose solution and base medium under paraffin oil
in a culture dish.

3. Fill a 1-ml syringe, with an 18-G needle attached, with 1 ml of the sucrose
solution.

4. Remove the straw from the liquid nitrogen using forceps and start the timer. Keep
the straw in air at room temperature for 10 s, then immerse it into the water bath
and shake gently. During the 10-s suspension in air, the sample passes through
–130°C rather slowly, which prevents fracture damage. However, further slow
warming is injurious because the cytoplasm can devitrify.

5. In about 8 s, when the sucrose solution begins to melt, remove the straw and wipe
the water quickly with a paper towel. Immediately cut off the sealed end and
cottonwool plug, tilt the straw slightly with EFS40 side down, and perfuse the
straw slowly with 1 ml of the sucrose solution in the syringe into a watch glass.
Start the timer and shake the watch glass gently to dilute the EFS40 quickly. After
perfusion, leave the sucrose solution in the straw and keep the straw horizontal.

6. Using a pipette containing the sucrose solution, recover the embryos under a dis-
secting microscope and then transfer them to the sucrose solution in a culture dish.
If all the embryos are not recovered, decant the residual sucrose solution left in
the straw into the watch glass and examine.

7. At about 5 min after perfusion, transfer the embryos into the base medium and
wash them in the medium using a pipette containing base medium.

8. Transfer the embryos into a drop of culture medium under paraffin oil in a culture
dish, which has been equilibrated in a CO2 incubator at 37°C overnight, and cul-
ture them in the incubator until transfer to recipients. The apparent integrity of blas-
tomeres is observable after ~1 h of culture, and cleavage is observable the next day.

Protocol 24.3. Ultrarapid vitrification: cryoloop

A protocol effective for vitrification of human blastocysts using a cryoloop technique
(30) is described. The protocol is adopted from the report by Lane et al. (11, 50)
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with slight modification. This new technique may also be available for other embryos;
the first successful cryopreservation of hamster embryos was accomplished by this
method (50).

Cryopreservation of embryos

Materials

• Instrument: microscope stage warmer.
• Tools: cryovial with a cryoloop (a minute nylon loop, (20 mm wide; 0.5–0.7 mm

in diameter) mounted on a stainless-steel pipe inserted into the lid of a cryovial; a
metal rod is inserted in the lid for handling [Crystalwand, Hampton Research,
Laguna Niguel, CA] (50), handling stainless-steel rod with a small magnet (Hamp-
ton Research), four-well mutiplate dish, storage cane

• Reagents: Ficoll 70 (Pharmacia Biotech), sucrose, HSA (25% solution can be used),
ethylene glycol, DMSO

• Solutions (see table 24.1): base medium (HEPES-buffered modified HTF containing
5 mg/ml of HSA; other buffered medium can be substituted), solution A (0.83 M
sucrose in base medium containing 1% [w/v] Ficoll 70 and 5 mg/ml of HSA), cryo-
protectant solution I (base medium containing 7.6% [v/v] DMSO and 7.6% [v/v]
ethylene glycol), cryoprotectant solution II (solution A containing 14.7% [v/v]
DMSO, 14.7% [v/v] ethylene glycol; the final concentration of sucrose is 0.58 M)

Methods

1. In the 4-well multidish, prepare ~1 ml of base medium, cryoprotectant solution
I, and cryoprotectant solution II in each of the wells (see table 24.1).

2. Place the dish in an incubator with no CO2 at 37°C for ~30 min.
3. Attach an open cryovial to the cane and immerse it in liquid nitrogen in a Dewar

flask.
4. Take the warmed 4–well dish out of the incubator and place it on the stage warmer

at 37°C.
5. Into each of two prewarmed pipettes, aspirate base medium and cryoprotectant

solution II.
6. Suspend an embryo (or embryos) in cryoprotectant solution I and start the timer.
7. Dip the cryoloop into cryoprotectant solution II to create a thin, filmy layer of

solution, by surface tension, on the nylon loop.
8. Place two 20-ml drops of cryoprotectant solution II on the lid of a Petri dish.
9. After 100–120 s of suspension of the embryo in cryoprotectant I, pick up the

embryo in a pipette containing cryoprotectant solution II and transfer it into the
20-ml drops of the solution.

10. Immediately wash the embryo in the solution by pipetting up and down, and
transfer the embryo onto the filmy layer on the nylon loop using the pipette under
a dissecting microscope.

11. Within 25–30 s of exposure of the embryo to cryoprotectant solution II, plunge
the loop into liquid nitrogen.

12. Screw the lid (with the loop) into the cryovial using the stainless-steel rod, with
the loop containing the embryo being submerged in the liquid nitrogen. Store
the cane with the cryovial in liquid nitrogen.

Recovery of cryopreserved embryos

Materials

• Tools: 4-well multidish, stainless-steel rod with a small magnet (Hampton
Research).
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• Reagent: sucrose.
• Solutions: base medium, solution B (base medium containing 0.82 M sucrose),

dilution solution I (base medium containing 0.27 M sucrose), dilution solution II
(base medium containing 0.16 M sucrose), culture medium (e.g., G2.2).

Methods

1. In the 4-well multidish, place ~1 ml of dilution solution I, dilution solution II,
and solution A in each of the wells.

2. Place the dish in an incubator at 37°C for ~30 min.
3. Take out the warmed 4-well dish and place it on the stage warmer at 37°C.
4. Submerge the cryovial attached to the cane in liquid nitrogen in a Dewar flask.
5. Remove the lid (with a loop) of the cryovial with the stainless-steel rod under

liquid nitrogen.
6. In one movement, dip the loop into dilution solution I. The vitrified embryo will

immediately fall from the loop into the solution.
7. After 2 min, pick up the embryo under a dissecting microscope, and transfer it

to dilution solution II.
8. After 3 min, transfer the embryo into base medium and wash it twice.
9. After 5 min, transfer the embryo to culture medium, which has been equilibrated

in a CO2 incubator at 37°C overnight, for further culture until transfer.
10. About 2 h after warming, observe the appearance of the embryo under a dis-

secting microscope to assess the survival.
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