S
M. s

Vobosme 72

Szl by
Gerald P. Schatten



Current Topics in
Developmental Biology

Volume 73




Series Editor

Gerald P. Schatten

Director, PITTSBURGH DEVELOPMENTAL CENTER

Deputy Director, Magee-Women’s Research Institute

Professor and Vice-Chair of Ob-Gyn Reproductive Sci. & Cell Biol.-Physiology
University of Pittsburgh School of Medicine

Pittsburgh, Pennsylvania 15213

Editorial Board

Peter Grss

Max-Planck-Institute of Biophysical Chemistry
Gottingen, Germany

Philip Ingham

University of Sheffield, United Kingdom
Mary Lou King

University of Miami, Florida

Story C. Landis

National Institutes of Health

National Institute of Neurological Disorders and Stroke
Bethesda, Maryland

David R. McClay
Duke University, Durham, North Carolina

Yoshitaka Nagahama
National Institute for Basic Biology, Okazaki, Japan

Susan Strome
Indiana University, Bloomington, Indiana

Virginia Walbot

Stanford University, Palo Alto, California

Founding Editors

A. A. Moscona
Alberto Monroy



Current Topics in
Developmental Biology

Volume 73

Edited by

Gerald P. Schatten

Director, PITTSBURGH DEVELOPMENTAL CENTER

Deputy Director, Magee-Women’s Research Institute

Professor and Vice-Chair of Ob-Gyn-Reproductive
Sci. & Cell Biol.-Physiology

University of Pittsburgh School of Medicine

Pittsburgh, Pennsylvania 15213

5 AMSTERDAM e BOSTON e HEIDELBERG ¢ LONDON
dﬁ‘ Es NEW YORK e OXFORD e PARIS e SAN DIEGO
A *  SAN FRANCISCO e SINGAPORE e SYDNEY ¢ TOKYO

ELSEVIE Academic Press is an imprint of Elsevier




Cover Photo Credit: Courtesy of Andras Czirok, Department of Anatomy and Cell Biology,
University of Kansas Medical Center

Academic Press is an imprint of Elsevier
525 B Street, Suite 1900, San Diego, California 92101-4495, USA
84 Theobald’s Road, London WC1X 8RR, UK

This book is printed on acid-free paper.

Copyright © 2006, Elsevier Inc. All Rights Reserved.

No part of this publication may be reproduced or transmitted in any form or by any
means, electronic or mechanical, including photocopy, recording, or any information
storage and retrieval system, without permission in writing from the Publisher.

The appearance of the code at the bottom of the first page of a chapter in this book
indicates the Publisher’s consent that copies of the chapter may be made for
personal or internal use of specific clients. This consent is given on the condition,
however, that the copier pay the stated per copy fee through the Copyright Clearance
Center, Inc. (www.copyright.com), for copying beyond that permitted by

Sections 107 or 108 of the U.S. Copyright Law. This consent does not extend to
other kinds of copying, such as copying for general distribution, for advertising

or promotional purposes, for creating new collective works, or for resale.

Copy fees for pre-2006 chapters are as shown on the title pages. If no fee code
appears on the title page, the copy fee is the same as for current chapters.
0070-2153/2006 $35.00

Permissions may be sought directly from Elsevier’s Science & Technology Rights
Department in Oxford, UK: phone: (+44) 1865 843830, fax: (+44) 1865 853333,
E-mail: permissions@elsevier.com. You may also complete your request on-line
via the Elsevier homepage (http:/elsevier.com), by selecting “Support & Contact”
then “Copyright and Permission” and then “Obtaining Permissions.”

For information on all Elsevier Academic Press publications
visit our Web site at www.books.elsevier.com

ISBN-13: 978-0-12-153173-7
ISBN-10: 0-12-153173-2

PRINTED IN THE UNITED STATES OF AMERICA
06 07 08 09 9 8 7 6 5 4 3 2 1

Working together to grow
libraries in developing countries

www.elsevier.com | www.bookaid.org | www.sabre.org

ELSEVIER  BOOKRAID o0 Foundation




Contents

Contributors X

The Molecular Origins of Species-Specific Facial Pattern
Samantha A. Brugmann, Minal D. Tapadia, and Jill A. Helms

I. Introduction 2
II. Molecular and Tissue Interactions that Regulate
Craniofacial Patterning 4
III. Conclusions 34
Acknowledgment 35
References 35

2

Molecular Bases of the Regulation of Bone Remodeling by the Canonical
Whnt Signaling Pathway
Donald A. Glass Il and Gerard Karsenty

1. Introduction 44
II. Canonical Wnt Signaling 45
III. Other Wnt Signaling Molecules 58
IV. Secreted Wnt Inhibitors and Agonists 63
V. Intracellular or Transmembrane Modulators 67
VI. Conclusions and Future Work 69
References 71

3

Calcium Sensing Receptors and Calcium Oscillations: Calcium as a
First Messenger
Gerda E. Breitwieser

I. Introduction: Physiological Role of Extracellular Ca** 86
II. CaR is a Unique Family C G-Protein—Coupled Receptor 88



vi
III. CaR Signal Transduction 96
IV. CaR Translates Extracellular Ca®>* Changes into Time-Varying
Intracellular Ca>* Signals 97
V. CaR in Development 104
Acknowledgments 106
References 106

4

Contents

Signal Relay During the Life Cycle of Dictyostelium
Dana C. Mahadeo and Carole A. Parent

I. Introduction 115
II. The Dictyostelium Life Cycle is Regulated by Five Signal
Relay Modules 117
III. Summary 133
IV. Perspectives 134
Acknowledgments 134
References 134

5

Biological Principles for Ex Vivo Adult Stem Cell Expansion
Jean-Francois Pare and James L. Sherley

I. Introduction 142
II. Strategies for ASCs Expansion 143
III. Cell Kinetics Symmetry-Based Strategies for ASC Expansion
IV. Comparison of SACK-Derived ASC Strains to Conventional
Cell Lines 157
V. Future SACK Pathways and Regulators 158
VI. Confronting the Replication Mutation Risk of ASC Expansion
VII. Summary 162
References 163

6

152

160

Histone Deacetylation as a Target for Radiosensitization
David Cerna, Kevin Camphausen, and Philip J. Tofilon

I. Introduction 174
II. Histone Acetylation 176



Contents

IIIL.
Iv.
V.
VL
VII.
VIIIL

7

Inhibitors of Histone Deacetylase 179

In Vitro Radiosensitization by HDAC Inhibitors 180

In Vivo Radiosensitization by HDAC Inhibitors 187
Tumor Versus Normal Cells 190

Mechanisms of HDAC Inhibitor-Induced Radiosensitization
Clinical Application of HDAC Inhibitor/Radiotherapy
Combinations 196

References 198

191

Chaperone-Mediated Autophagy in Aging and Disease
Ashish C. Massey, Cong Zhang, and Ana Maria Cuervo

L
IL.
I11.
Iv.
V.
VL

8

Introduction: Different Forms of Autophagy 206
CMA: A Selective Form of Autophagy 208
Physiological Role of CMA 215

CMA and Aging 220

Pathologies Related to CMA 221

Concluding Remarks 228

Acknowledgments 229

References 229

Extracellular Matrix Macroassembly Dynamics in Early
Vertebrate Embryos
Andras Czirok, Evan A. Zamir, Michael B. Filla, Charles D. Little, and

Brenda J.

L.
1I.
III.
Iv.
V.
VL
VIL

Index

Rongish

Introduction 238

Localization and Function of Select ECM Components 241

ECM Position Fate 243

ECM Displacement Mapping 245

Tissue Motion Component of ECM Displacement 248
Local ECM Rearrangements 249

Conclusions 252

Acknowledgments 254

References 254

259

Contents of Previous Volumes 267



This page intentionally left blank



Contributors

Numbers in parentheses indicate the pages on which the authors’ contributions begin.

Gerda E. Breitwieser (85), Weis Center for Research, Geisinger Clinic,
Danville, Pennsylvania 17822

Samantha A. Brugmann (1), Department of Plastic and Reconstructive
Surgery, Stanford University, Stanford, California 94305

Kevin Camphausen (173), Radiation Oncology Branch, National Cancer
Institute, Bethesda, Maryland 20892

David Cerna (173), Molecular Radiation Therapeutics Branch, National
Cancer Institute, Bethesda, Maryland 20892

Ana Maria Cuervo (205), Department of Anatomy and Structural Biology,
Marion Bessin Liver Research Center, Albert Einstein College of
Medicine, Bronx, New York 10461

Andras Czirok (237), Department of Anatomy and Cell Biology, University
of Kansas Medical Center, Kansas City, Kansas 66160; Department of
Biological Physics, Eotvos University, Budapest, 1117 Hungary

Michael B. Filla (237), Department of Anatomy and Cell Biology, University
of Kansas Medical Center, Kansas City, Kansas 66160

Donald A. Glass II (43), Department of Molecular and Human Genetics,
Bone Disease Program of Texas, Medical Scientist Training Program,
Baylor College of Medicine One Baylor Plaza, Houston, Texas 77030

Jill A. Helms (1), Department of Plastic and Reconstructive Surgery,
Stanford University, Stanford, California 94305

Gerard Karsenty (43), Department of Molecular and Human Genetics, Bone
Disease Program of Texas, Baylor College of Medicine, One Baylor Plaza,
Houston, Texas 77030

Charles D. Little (237), Department of Anatomy and Cell Biology,
University of Kansas Medical Center, Kansas City, Kansas 66160

Dana C. Mahadeo (115), Laboratory of Cellular and Molecular Biology,
Center for Cancer Research, NCI, NIH, Bethesda, Maryland 20892

Ashish C. Massey (205), Department of Anatomy and Structural Biology,
Marion Bessin Liver Research Center, Albert Einstein College of
Medicine, Bronx, New York 10461



X Contributors

Jean-Francois Paré (141), Division of Biological Engineering, Massachusetts
Institute of Technology, Cambridge, Massachusetts 02139

Carole A. Parent (115), Laboratory of Cellular and Molecular Biology,
Center for Cancer Research, NCI, NIH, Bethesda, Maryland 20892

Brenda J. Rongish (237), Department of Anatomy and Cell Biology,
University of Kansas Medical Center, Kansas City, Kansas 66160

James L. Sherley (141), Division of Biological Engineering, Massachusetts
Institute of Technology, Cambridge, Massachusetts 02139

Minal D. Tapadia (1), Department of Plastic and Reconstructive Surgery,
Stanford University, Stanford, California 94305

Philip J. Tofilon (173), Molecular Radiation Therapeutics Branch, National
Cancer Institute, Bethesda, Maryland 20892

Evan A. Zamir (237), Department of Anatomy and Cell Biology, University
of Kansas Medical Center, Kansas City, Kansas 66160

Cong Zhang (205), Department of Anatomy and Structural Biology, Marion
Bessin Liver Research Center, Albert Einstein College of Medicine,
Bronx, New York 10461



1
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D. Putting it All Together: Species-Specific Craniofacial Morphogenesis

III. Conclusions
Acknowledgment
References

The prevailing approach within the field of craniofacial development is
focused on finding a balance between tissues (e.g., facial epithelia,
neuroectoderm, and neural crest) and molecules (e.g., bone morphogenetic
proteins, fibroblast growth factors, Wnts) that play a role in sculpting the
face. We are rapidly learning that neither these tissues nor molecular signals
are able to act in isolation; in fact, molecular cues are constantly
reciprocating signals between the epithelia and the neural crest in order to
pattern and mold facial structures. More recently, it has been proposed that
this crosstalk is often mediated and organized by discrete organizing centers
within the tissues that are able to act as a self-contained unit of
developmental potential (e.g., the rhombomere and perhaps the ectomere).
Whatever the molecules are and however they are interpreted by these
tissues, it appears that there is a remarkably conserved mechanism for
setting up the initial organization of the facial prominences between species.
Regardless of species, all vertebrates appear to have the same basic bauplan.
However, sometime during mid-gestation, the vertebrate face begins to
exhibit species-specific variations, in large part due to differences in the rates
of growth and differentiation of cells comprising the facial prominences.
How do these differences arise? Are they due to late changes in molecular
signaling within the facial prominences themselves? Or are these late changes

Current Topics in Developmental Biology, Vol. 73 0070-2153/06 $35.00
Copyright 2006, Elsevier Inc. All rights reserved. 1 DOI: 10.1016/S0070-2153(05)73001-5
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areflection of earlier, more subtle alterations in boundaries and fields that are
established at the earliest stages of head formation? We do not have clear
answers to these questions yet, but in this chapter we present new studies that
shed light on this age-old question. This chapter aims to present the known
signals, both on a molecular and cellular level, responsible for craniofacial
development while bringing to light the events that may serve to create
difference in facial morphology seen from species to species. © 2006, Elsevier Inc.

l. Introduction

The conceivable modifications of the vertebrate archetype are very far from being
exhausted by any of the forms that now inhabit the earth, or that are known to have
existed here at any period . . .. The discovery of the vertebrate archetype could not
fail to suggest to the Anatomist many possible modifications of it beyond those that
we know to have been realized in this little orb of ours.

Owen, 1849.

Throughout the millennia, mankind has pondered how the enormous
variation in animal form has come into existence. From Owen’s concept of
a ““vertebrate archetype” that served as the foundation on which morphologi-
cal diversity is generated, to Darwin’s theory of evolution, we have been
puzzling over the question of how diversity in the Animal Kingdom comes
about. Our interest in obtaining answers to this age-old riddle has only
increased in the intervening decades since these famous scientists debated
the topic. In fact, one might summarize the objective of most current research
in developmental and evolutionary biology as having a single goal: to under-
stand the process by which shape and form (i.e., morphogenesis) is regulated.
In this chapter, our primary goal is to describe recent study that provides clues
into the molecular origins of species-specific craniofacial morphogenesis.

We have focused on growth and patterning of the craniofacial complex as
a model for species diversity for three reasons. The first rationale is that,
despite the fact that animals have such different looking faces, the general
organization of vertebrate craniofacial complex is remarkably similar during
early embryonic development. This suggests that a fundamental set of
patterning genes might initially define the global organization of the facial
prominences. From this conserved pattern, the widely divergent variations in
facial form might then arise, from the gentle spatiotemporal tweaking of the
expression of common genes.

The second reason we have focused on the face as a model system is
that the craniofacial region exhibits such extraordinary variation in form,
and these variations are closely associated with adaptive radiations into new
ecological niches. A prime example is the Galapagos finches, where the
principal intraspecies variation is the size and shape of their facial promi-
nences (in birds, facial prominences such as beaks). Thus we propose that
understanding the mechanisms regulating craniofacial morphogenesis in any
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species holds the potential to understand, at both molecular and cellular
levels, the basis for evolutionary diversity.

A third motivation to focus on craniofacial patterning as a window into
species-specific morphology is that there are a great number of anatomical
landmarks that serve as species-specific characteristics. For example, the
dentition was a feature of vertebrates but about 150 million years ago, birds
lost this characteristic while mammals retained it. Even within the dentition
itself, there are species-specific features: some mammals do not form premo-
lar teeth whereas others (humans included) do. Because of these inherent
species-specific differences we can begin to ask questions such as how a
particular characteristic (in this case, teeth) might be retained or lost, or
how a trait may be modified in such a way to ideally suit an animal.
Although the mechanisms responsible for such species-specific morphologi-
cal differences are still to be discovered, a growing number of studies now
show that some answers to these age-old puzzles are within our grasp.

A. Organization of the Face

Although the vertebrate head exhibits an exceedingly intricate and varied
morphology, by the time an animal is born the craniofacial complex from
which it arises initially has a much more simple geometry. This arrangement
consists of a series of swellings or prominences that undergo fusion and
expansion in an orderly and integrated fashion (Fig. 1A-D). There are seven
prominences that comprise the vertebrate face: the midline frontonasal
prominence, and three paired structures, the lateral nasal, maxillary, and
mandibular prominences, which are derived from the first pharyngeal (bran-
chial) arch. The frontonasal prominence contributes to the forehead, middle
of the nose, philtrum of the upper lip, and primary palate. The lateral nasal
prominence forms the sides of the nose; the maxillary prominences contrib-
ute to the sides of the face, lips and the secondary palate; the mandibular
prominences produce the lower jaw (Fig. 1E).

The maxillary and mandibular prominences are derived from a single
arch, hence one might wonder just how early on in the ontogeny of the
craniofacial complex do cells irreversibly segregate into “maxillary” and
“mandibular” subdivisions. That question was recently addressed when
two groups of investigators considered this issue from an evolutionary
perspective. The question of interest was the extent to which cells destined
to occupy the maxillary portion of the first arch were separated from those
cells bound to take up residence in the mandibular portion of the first arch.
The groups independently examined the contributions of first arch neural
crest cells to the maxillary process, in axolotl and chick and found that
structures believed to be derived from maxillary condensation (i.e., Meckel’s
cartilage and the palatoquadrate) are solely derived from the mandibular
condensation. Further, these fate-mapping studies proved that the maxillary
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Median nasal
prominence

Lateral nasal
prominence

Maxillomandibular
prominence

Figure 1 Development of the craniofacial primordia. (A-D) Representations of frontal views of
mouse embryos showing the prominences that give rise to the main structures of the face. The
frontonasal (or median nasal) prominence (pink) gives rise to the forehead (A), the middle of the
nose (B), the philtrum of the upper lip (C) and the primary palate (D), while the lateral nasal
prominence (blue) forms the sides of the nose (B, D). The maxillomandibular prominences (green)
giverise to the lower jaw (specifically from the mandibular prominences), to the sides of the middle
and lower face, to the lateral borders of the lips, and to the secondary palate (from the maxillary
prominences). (E) Frontal view of a chick embryo, also showing which prominences give rise to
different facial structures. (F) Frontal view of a human child, with different facial structures
color-coded to indicate the prominences from which each structure developed.

process and its skeletal derivatives (the trabecular cartilage) are not derived
from the first pharyngeal arch but rather from a condensation located
between the eye and the maxillo-mandibular cleft (Cerny et al., 2004; Lee
et al., 2004). One might wonder why such information is crucial to the study
of craniofacial biology; simply put, when we know the origins of a structure
we also gain knowledge about the origins of developmental anomalies
affecting that structure. With this in mind, we begin this chapter by exploring
new advances into the earliest events in facial patterning.

Il. Molecular and Tissue Interactions that Regulate
Craniofacial Patterning

As might be deduced from the initial description of craniofacial morphogenesis,
the process by which the face forms requires an elaborate series of intricately
linked morphological events involving cell proliferation, differentiation,
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programmed cell death, the transdifferentiation of cells from a mesenchymal
phenotype to an epithelial one, and vice versa. All of these cellular behaviors
are coupled with elaborate cell movement caused by active migration on the
part of the cranial neural crest, and passive cell displacement caused during
the process of neurulation. How all of these cell behaviors are actually
orchestrated has been the subject of intense scrutiny for many years, yet
we are only now beginning to understand the molecular and cellular driving
forces behind these events.

For the sake of clarity, one might best describe craniofacial development
as a comprehensive series of steps that begin with the formation of the
earliest tissue domains that separate “anterior’” (head) from everything else,
continue when these regions become subdivided into craniofacial promi-
nences, and conclude with the differentiation of cells into distinct facial
structures (i.e., teeth and palate). We must emphasize, however, that each
of these steps is the result of an interplay between multiple tissues and
molecules. By dividing the process into patterning “milestones’ and exam-
ining the events that occur within specific time frames to create discrete facial
structures we do not mean to imply that craniofacial morphogenesis is a
linear process, only that it is sometimes easier to consider the complex
morphological problem in this simpler manner.

A. First Milestone in Craniofacial Patterning: Specifying the
Neural-Nonneural Boundary

1. Neural Plate Formation

During embryonic development, one can easily appreciate that the face is
erected on a scaffolding of sorts, comprised of the vertebrate forebrain. An
adage coined in the middle of the last century to aid clinicians in diagnosing
brain anomalies in children stated, ‘“The face predicts the brain” (DeMyer,
1964). In the last decade, we have a much better grasp of how molecular signals
emanating from one tissue profoundly affect differentiation within adjacent
tissues so one could just as easily say now, ‘“The brain predicts the face”
(reviewed in Helms ez al., 2005). Therefore, we begin with a review about how
these two tissues, the forebrain and the face, begin their close relationship.
The brain arises from anterior ectodermal tissues that adopt a neuroecto-
dermal character in response to signals emanating from an embryonic
domain, which in amphibians is commonly referred to as the “organizer”.
This region constitutes the dorsal lip of the blastopore and as Hilde Mangold
and Hans Spemann discovered (Spemann and Mangold, 1924), this organiz-
er has the ability to induce lateral mesoderm to give up its normal fate of
becoming muscle and instead adopt a neural fate (reviewed in Harland,
2000). The organizer performs these neural inducing functions by secreting
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molecules, such as Noggin (Furthauer et al., 1999; Lamb et al., 1993; Smith
and Harland, 1992; Smith er al., 1993), Follistatin (Hemmati-Brivanlou
et al., 1994), and Chordin (Sasai et al., 1994, 1995), which interact with
and antagonize other molecular signals in the surrounding tissues such as
bone morphogenetic proteins (Bmps) (Fainsod et al., 1997; Piccolo et al.,
1996; Zimmerman et al., 1996) in the nonneural ectoderm. While it remains
widely accepted that the organizer plays a major role in neural induction,
ablating the organizer in amphibians, avians, and mammals does not neces-
sarily eliminate neural tissue (Davidson et al., 1999; Sater and Jacobson,
1990; Shih and Fraser, 1996; Smith et al., 1989). This latter finding suggests
that other areas of the embryo also possess neural inducing properties. In
fact, the most widely accepted model for neural induction is the “default”
model, in which embryonic ectoderm is thought to be preprogrammed to a
neural fate unless acted on by neural antagonists such as members of
the transforming growth factor beta (TGFf) family (Bmps) (reviewed in
Hemmati-Brivanlou and Melton, 1997).

Other vertebrates including birds and mammals have tissues that are
equivalent to the amphibian organizer; however the default model has not
been as widely accepted as the mechanism that regulates neural induction in
these species. Some investigators have carefully scrutinized and compared
expression patterns of Bmps and their antagonists in different species and
have reevaluated functional data from avian and mammalian systems. Their
conclusions provide strong evidence against the default model of neural
induction (Streit and Stern, 1999b; Streit et al., 1998). For example, mouse
mutants that lack Cerberus, Noggin, or Chordin still develop a nervous
system (Bachiller ez al., 2000; Belo et al., 2000; McMahon et al., 1998).

There are also inconsistencies in the expression levels of TGF3s between
birds and amphibians; while Bmps are strongly expressed prior to neural
induction in frogs, the same molecules are undetectable in avians at this
stage of development (Streit et al., 1998). Furthermore, there are species-
specific differences in how the surrounding tissues respond to Bmp inhibi-
tion: in frogs, blocking Bmp signaling will cause almost any tissue to adopt a
neural characteristic (Lamb ef al., 1993; and reviewed in Sasai and De
Robertis, 1997; Sasai et al., 1995; Weinstein and Hemmati-Brivanlou, 1997).
Conversely, in avians, misexpressing Bmp antagonists in competent epiblast
does not induce the expression of any neural markers, and a grafted source
of Bmp protein does not inhibit neural plate development (Streit and Stern,
1999a,b; Streit et al., 1998).

These experimental differences in amniotes and anamniotes may reflect
varying levels of competence in whether tissues adopt a neural or nonneural
fate (Streit and Stern, 1999b). They also serve to illustrate how animals have
evolved different molecular pathways to achieve similar morphological re-
sults. These very early discrepancies in neural plate induction may also be
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one of the first mechanisms that animal species employ to create the widely
divergent facial features characteristic of their later embryonic development.

2. No-Man’s Land: The Neural/Nonneural Boundary Region Gives
Rise to Placodes and the Neural Crest

Whether by a default mechanism or not, the specification of neural tissues
creates a boundary: neural ectoderm occupies the medial part of the embryo
and nonneural (epidermal, surface) ectoderm forms in the lateral regions
(Fig. 2). Sandwiched between these two tissues is a no-man’s land of sorts,
called the lateral neurogenic ectoderm (LNE) (Brugmann et al., 2004). The
LNE is an especially important region because it gives rise to both cranial
neural crest cells, which give rise to the majority of the head skeleton, and
the placodes, which make vital contributions to the cranial sensory ganglia.
Consequently, considerable effort has gone into studying how the neural
crest and placodes are actually generated from this swath of tissue (Bastidas
et al., 2004; Brugmann et al., 2004; Glavic et al., 2004; McLarren et al., 2003;
Streit, 2002).

The earliest models focused on secreted molecules that formed a gradient of
anti-Bmp/Bmp activity at the neural/nonneural boundary. Data to support this

Presumptive neural ectoderm; low BMP levels

m Presumplive neural crest lissue; intermediate BMP levels
. Presumptive placode; intermediate BMP levels

B Presumptive surface ectoderm; high BMP levels

@ FPosteriorizing molecules

Figure 2 Default model of neural induction. The embryonic ectoderm can be subdivided into
several different domains: presumptive surface ectoderm (SE), pre-placodal (P), neural crest
(NC) and neural plate (NP). These different domains arise as a result of a mediolateral gradient
of TGF-beta signaling molecules such as Chordin, Noggin and Cerberus, which are secreted
from Spemann’s organizer and which inhibit BMP signaling. Low levels of TGF-beta molecules
prompt lateral ectoderm to form SE, intermediate levels of TGF-beta molecules prompt more
medial regions of ectoderm to form PL and NC, and high levels of TGF-beta signaling
molecules prompt the medial-most region of ectoderm to form the neural plate (NP) (and later
neuroectoderm).
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model came from many sources; for example, some investigators showed that
an intermediate concentration of anti-Bmp signaling could induce molecular
markers of the neural crest and placodes (Aybar and Mayor, 2002; Aybar et al.,
2002; Brugmann et al., 2004; Marchant et al., 1998; Mayor and Aybar, 2001).
More recent studies propose that a border region, which includes the LNE, is
formed by direct physical interactions between neural and nonneural (surface)
ectodermal cells. These border regions are thought to be defined in part by the
expression of members of the Distal-less DIx family of transcription factors
(McLarren et al., 2003; Woda et al., 2003). For example, overexpression of
DIx5 can imbue cells with the features of LNE cells (McLarren et al., 2003) but
by itself cannot induce neural crest or preplacodal ectoderm (PPE) fate
(McLarren et al., 2003). Presumably, a combination of transcription factors
(DIx as well as others) is required to generate these cell types. The fact that D/x
genes play a role in the specification of the LNE fits in well with the Bmp
gradient model of LNE specification, because Dlx genes are directly induced by
Bmps (Feledy ez al., 1999; Luo et al., 2001).

Perhaps a permissive level of Bmp activity is required for the generation of
neural crest cells from the LNE (Mayor and Aybar, 2001; Tribulo et al., 2003).
Since these same neural crest cells will later form the facial skeleton, one
compelling idea is that subtle differences in Bmp activity might be responsible
for species-specific variations in facial skeletal form. One test of this theory
would be to modulate Bmp activity at the time of LNE specification and, in
doing so, alter facial skeletal morphology. Although this experiment has not
been undertaken, two groups have shown that modulating Bmp activity at
later stages of morphogenesis, after the facial prominences have formed and
are occupied by cranial neural crest cells, does alter facial morphology in
relatively predictable ways (Abzhanov et al., 2004; Wu et al., 2004).

The question remains, whether variations in Bmp levels at the time of
neural plate formation can be held accountable for the vastly different facial
forms between species. Recent studies have provided indirect evidence that
lends credence to this hypothesis. For example, at the time of neural crest
induction there are high levels of Bmp activity at the neural plate boundary
in frogs and fish while in birds, these Bmp levels are quite low (Endo et al.,
2002; Glavic et al., 2004). Since an intermediate level of Bmp activity is
necessary for neural crest induction in frogs and birds, this would necessitate
that frogs reduce Bmp signaling while birds increased the same in order to
achieve the same affect: neural crest induction. New data indicate that both
species appear to have used a similar mechanism to regulate their Bmp
activity via Notch/Delta signaling (Endo et al., 2002; Glavic et al., 2004).
Notch pathway activation can either amplify or repress Bmp signaling at the
neural plate boundary, depending on the organism. This bifunctional feature
may have evolved in order to compensate for different levels of Bmp activity
in various vertebrate species (Meulemans and Bronner-Fraser, 2004).

Other molecules also participate in establishing the neural/nonneural bound-
ary. For example, Msx1 and Pax3 are two transcription factors that work in
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concert to generate the neural crest (Monsoro-Burq et al., 2005), and in turn,
these transcription factors mediate (and are mediated by) Fibroblast Growth
Factor (Fgf) and Wnt signaling (Bach et al., 2003; Bang et al., 1999). Since the
proper location and expression levels of these very early signaling molecules
control the generation of cranial neural crest cells, which ultimately dictate the
pattern of the face, one might easily wonder if the relative levels of Bmps, Wnts,
and Fgfs are responsible for species-specific differences in facial morphology. In
other words, could tweaking the location and expression levels of these proteins
account for the differences between a frog and a fish, a bird and a mouse?

There is growing evidence to support this conjecture. The downstream
targets of Bmps, Wnts, and Fgfs are expressed in different patterns among
the various species—but whether this is the cause or result of an already-
altered facial geometry is still not certain. Foxd3, which mediates delamina-
tion of the neural crest from the neural folds (Cheung et al., 2005), and Sox9
and 10, which are responsible for chondrogenic potential of neural crest cells
(Barrallo-Gimeno et al., 2004; Cheung and Briscoe, 2003; Honore et al.,
2003; Mori-Akiyama et al., 2003; Yan et al., 2002), are expressed in
juxtaposed or overlapping regions that are directly adjacent to the neural
plate in avian and amphibians—but are expressed in discrete domains in
amphioxus (Meulemans and Bronner-Fraser, 2004). These data suggest that
subsets of amphioxus neural crest cells had limited skeletogenic potential.
The hypothesized merging of these subsets of primitive neural crest cells may
explain how modern-day neural crest cells acquired their full potential to
influence and regulate craniofacial patterning. Thus, by varying the expres-
sion boundaries of transcription factor, the skeletogenic potential of the
cranial neural crest is altered; by shifting the boundaries of the LNE, larger
or smaller regions of tissue are available for segregation into neural crest and
placodal populations (Meulemans and Bronner-Fraser, 2004). Could these
small dissimilarities be the earliest basis for variations in neural crest-derived
facial features among the species? In other words, might the difference
between an elephant’s nose and ours be attributable to a subtle shift in the
boundary between neural and nonneural ectoderm, and thus the allocation
of cells to a cranial neural crest lineage?

B. Second Step in Craniofacial Patterning: Segregating Tissues into
Functional Domains

Once the neural/nonneural boundary is specified, the real work of craniofa-
cial patterning begins: molding the tissues into discrete facial structures and
ensuring that those structures are seamlessly woven together. This requires
several distinct yet coordinated processes, including the delamination of cells
from the neural folds to generate the neural crest; invagination and migra-
tion of these cells throughout the head primordia, localized proliferation of
epithelial and neural crest cells, and localized regions of programmed cell
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death to sculpt the tissues. These processes are under the control of a
cocktail of molecules, most of which have been introduced before and
include members of the Wnt, Fgf, Bmp, and Hedgehog families, and Hox
transcription factors. We begin then with the role that Hox genes play in
species-specific craniofacial morphogenesis.

1. Neural Crest Cells, Hox Genes, and Craniofacial Patterning

Several years ago it was widely believed that neural crest cells contain all the
patterning information necessary for the formation of facial structures. A
series of experiments by Noden (1983, 1984, 1986) exemplified this concept.
Noden (1983) showed that transplanting presumptive first arch neural crest
cells into more posterior positions along the neural tube resulted in the
transformation of second arch skeletal structures into first arch skeletal
structures. If neural crest cells contain sufficient information to transform
one pharyngeal arch into another, one might immediately wonder how such
“positional information” was encoded. The answer may be by virtue of a
Hox code.

Members of the Hox gene family are homeobox-containing transcription
factors that are expressed in a nested pattern along almost the entire length
of the neural tube, and abundant data indicate that the combined pattern of
Hox genes, referred to as a Hox code, an instrumental in establishing the
regional identity of cells (reviewed in Capecchi, 1997).

Is a Hox code responsible for positional information encoded by cranial
neural crest cells as well? Only one Hox gene, Hoxa2, is expressed in the
second (hyoid) arch (Kontges and Lumsden, 1996). When Noden’s seminal
experiments are considered in light of this information on Hox gene expres-
sion, we find that Hoxa2 negative cranial neural crest cells were transplanted
into a Hoxa? positive environment. Therefore, the question can be framed in
a slightly different manner: does the expression of Hoxa2 provide these
transplanted cranial neural crest cells with a regional identity? And is that
Hox-encoded regional identity sufficient to explain aspects of species-specific
patterning?

Members of Nicole Le Douarin’s laboratory addressed these exact ques-
tions, and over the course of a number of experiments beautifully demon-
strated that cranial neural crest cells maintain their Hox code when they
are transplanted and their behavior is closely tied to this expression pattern
(Fig. 3). For example, if Hoxa2 negative neural crest cells are transplanted
into a Hoxa2 positive environment, then the cells integrate appropriately
and produce a normal hyoid bone (Couly ef al., 1998) (Fig. 3D). But if
Hoxa?2 expressing neural crest cells are transplanted into a Hoxa2 negative
environment, then the cells still retain their Hox negative status—but fail
to integrate into the new environment (Fig. 3E). Consequently, the
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Figure 3 Hox manipulation and transplantation experiments. (A-F) Schematic drawings
depicting Hox expression and manipulation experiments in both jawed and jawless animals. (A)
In jawed animals, hoxa2 is expressed up to pharyngeal arch 2 (PA2). (B) Loss of hoxa2
expression from pharyngeal arch 1 (PA1) confers increased plasticity upon neural crest cells in
PAL1, allowing them to adopt first arch fates. (C) Ectopic expression of hoxa2 in PA1 results in
these cells adopting second arch fates, thereby giving rise to a duplication of the hyoid arch.
(D) Experiments by Couly et al. demonstrated that transplantation of neural crest cells from
anterior, Hox-negative rhombomeres to posterior, hox-positive rhombomeres resulted in
normal hyoid formation from the donated tissue. (E) Parallel experiments by Couly conversely
demonstrated that transplantation of neural crest cells from posterior, hox-positive
rhombomeres to anterior, hox-negative rhombomeres resulted in deficient lower jaw formation.
(F) Recent experiments have shown that #ox expression exists as far anterior as PA1 in jawless
organisms such as lampreys and amphioxus, unlike jawed vertebrates where /ox expression is
seen only up to PA2 (with no hox expression in PA1). Since lampreys and amphioxus are the
closest extant relatives to primitive jawless organisms, loss of 0x expression in PA1 may be tied
to the development of jaws in vertebrates.
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transplanted cells behave as they would have in their native environment,
and the result is ectopic skeletal elements inappropriate to the new location
(Couly et al., 1998). Along a similar line, if Hoxa2 positive cells are placed in
a Hox-negative environment, they retain their Hox positive status in the new
locale—but once again fail to integrate. The result is a failure in skeletal
tissue formation. These experiments collectively suggest that the fate of some
cranial neural crest cells is restricted by virtue of their Hox status (reviewed
in Le Douarin et al., 2004).

Gain- or loss-of-function experiments provide further support for the role
of Hox genes in restricting the fates of cranial neural crest cells. Targeted
deletion of Hoxa2 results in the duplication of first arch skeletal structures in
the place of second arch structures (Gendron-Maguire et al., 1993; Kanzler
et al., 1998; Rijli et al., 1993; and reviewed in Trainor et al., 2002) (Fig. 3B).
Conversely, gain of Hoxa2 function transforms the cartilaginous elements of
the first arch into second arch elements (Grammatopoulos et al., 2000;
Pasqualetti et al., 2000) (Fig. 3C).

2. Just How Malleable Is the Mandible?

From the data presented above, one might surmise that removing Hox
expression from a cell confers it with greater plasticity. This concept has
not been lost on those evolutionary biologists who seek to understand how
vertebrates have gained and lost certain craniofacial structures throughout
evolution. Perhaps best studied of these evolutionary events is the develop-
ment of a hinged jaw.

As embryos, jawless animals (agnathans), such as lampreys, bear a remark-
able resemblance to jawed embryos, in that both have pharyngeal arches and
a braincase. If jaw-lacking agnathans and jaw-possessing gnathostomes have
relatively similar facial features as embryos, then how does one species
develop a hinged jaw while the other remains relegated to a jawless existence?
One answer might lie in the absence or presence of a Hox code (Fig. 3F). There
is a correlation between the lack of HoxaZ2 expression in the first arch and the
possession of a hinged jaw joint, but can one infer that the lack of Hoxa2
allowed the acquisition of a hinged joint? Martin Cohn set out to test this
hypothesis by examining Hox expression in jawless animals.

Cohn reasoned that if first arch neural crest cells are Hox-positive in a
more primitive condition but become Hox-negative through evolution, then
theoretically, cells would be at liberty to respond to new signals in their
changing environment. Such a newly acquired plasticity might then allow for
adaptive variations in the jaw structures formed by these neural crest cells.
Cohn examined jawless lamprey embryos and found that HoxL6 was ex-
pressed in the first pharyngeal arch, a location which in jawed embryos is
Hox negative (Cohn, 2002).
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While this finding shows a parallel between loss of Hox expression and
gain of a hinged jaw, it could just as well represent an odd twist of fate for
lampreys as opposed to being a molecular feature of a more primitive
evolutionary condition. Cohn therefore turned to a more primitive animal
to bolster his argument. He used the amphioxus, a vertebrate-like cephalo-
chordate that lacks neural crest but possesses a Hox cluster (Ferrier et al.,
2000), and as he had found with lampreys, the Hox homolog AmphiHox6
was also expressed in the head region of amphioxus (Cohn, 2002). These
data also showed that the development of a hinged jaw joint was not related
to the acquisition of the neural crest.

Rarely, however, is the answer as straightforward as this; other investiga-
tors have examined different species of lamprey and failed to detect
Hox expression in the first arch (Takio et al., 2004). A resolution to this
controversy has not been forthcoming yet.

3. Hox Gene Regulation by AP2

Although Hoxa?2 is implicated in the agnathan alteration, the protein cer-
tainly does not function alone. In fact, some of the most compelling data for
the importance of Hoxa2 in craniofacial development has come from studies
on the modulator of this modulator: in some neural crest cells, Hoxa2
expression is controlled by another transcription factor, AP2 (Maconochie
et al., 1999). A recent study conducted in the zebrafish lockjaw mutant
revealed that when AP2 is lost Hoxa2 expression is disrupted, causing the
second arch to undergo a partial homeotic-like transformation into a first
arch (Knight ez al., 2004). This morphological conversion bears a strong
resemblance to the phenotypes of Hoxa2”'~ mice (Gendron-Maguire et al.,
1993; Hunter and Prince, 2002; Rijli et al., 1993), which suggests that a
primary function of AP2 is to modulate Hoxa2 expression in the neural
crest. Analyses of the mont blanc zebrafish mutant bear out this conclusion,
since AP2 inactivation arrests neural crest cell differentiation in all but the
first pharyngeal arch (Barrallo-Gimeno et al., 2004). The first arch is spared
because Hoxa2 is not normally expressed in this region so loss of the
transcription factor has no ill effect on its development. An AP2 binding
site has been identified in the Hoxa2 promoter region, further strengthening
the argument that at least one function of AP2 is the regulation of Hoxa2
in neural crest cells. This is not, however, the entire story, since other
investigators have shown that deletion of AP2 in Hoxa2 positive neural crest
cells produced only a mild phenotype (Brewer et al., 2004). One obvious
explanation for the milder-than-predicted phenotype is functional redundan-
cy, since combined null mutations in AP2 and Hoxa2 cause early embryonic
lethality (Williams, personal communication). Another possibility is that
AP2 function in the neural crest may be masked by the fact that AP2 also
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has a function in the surface ectoderm. From studies in avian embryos we
know that signals emanating from facial ectoderm can control gene expres-
sion in the underlying neural crest (Hu et al., 2003), and understanding this
type of epithelial-mesenchymal regulation may be the key to unlocking the
functions of Hoxa2 and AP2.

The regulatory relationship between Hoxa2 and AP2 is a long-standing
one, as Marianne Bronner Fraser and her colleagues have shown. AP2 is
expressed in lamprey embryos and even cephalochordates, despite their lack
of a neural crest (Meulemans and Bronner-Fraser, 2002). The fact that AP2
is expressed in the surface ectoderm of amphioxus could mean that its
primary and most important function is in this tissue, but experimental
evidence for this is still lacking. One other troubling question is related to
the coincident expression of 4P2 and Hoxa2 in many craniofacial tissues
except the first arch and the facial ectoderm. If the primary function of AP2
is to induce Hoxa2 and AP2 is expressed in the first arch, then how do
animals with hinged jaws repress Hoxa?2 in the first arch? This kind of ying/
yang issue lies at the heart of understanding how evolutionary advances,
such as the development of a hinged jaw joint, come about.

4. Species-Specific Differences in Neural Crest Cell Migration

In fish, frogs, and chick, the delamination and migration of cranial neural
crest cells are initiated in concordance with neural tube closure. In mice,
neural crest cells delaminate and migrate prior to fusion of the neural folds
(reviewed in Kulesa et al., 2004). Are these differences in the birthdays and
early migration of neural crest cells related in any way to species-specific
craniofacial differences? An answer to this relatively simple question has not
been forthcoming. Although neural crest transplantations between species
demonstrate that grafted donor cells can migrate into host pharyngeal
arches (Mitsiadis et al., 2003), the resulting facial architecture is difficult to
evaluate. The chimeras do not resemble host chick faces but neither do they
bear much resemblance to a mouse. In addition, dissimilarities in facial
features cannot merely be ascribed to the differences in birthdays between
murine and avian neural crest cells; the axial position of neural crest cells
and the structures into which they migrate are also different between the
species. In birds, cranial neural crest cells derived from rhombomere 3
contribute to the most proximal region of the first arch, but in mice, frogs,
and fish these same cells contribute to the more distal portions of the first
arch. In addition, the quantity of neural crest cells arising from the rhom-
bomeres of different species also varies. In frog, fish, and mouse, rhombo-
mere 5 contributes more cells than rhombomere 3, while the opposite is true
in chick (reviewed in Kulesa et al., 2004). Could simple differences in the
numbers of neural crest cells account for the differences in facial structures
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among species? Avian embryos also have elevated levels of cell death in
premigratory populations of neural crest in rhombomere 3 and rhombomere
5 (Guthrie and Lumsden, 1991). This patterned cell death is not observed in
fish or frogs (Ellies et al., 2002). Could these differences be responsible for
variations in neural crest migration between amniotes and anamniotes?
Perhaps a less restrictive pattern of neural crest migration is one of the
reasons that fishes and frogs bear more of a resemblance to one another
than they do to lower vertebrates such as lamprey and axolotl.

5. Pharyngeal Endoderm and Craniofacial Patterning

Which tissues are responsible for establishing the pattern of the craniofacial
features? Are neural crest cells imbued with positional information that
allows them to carry out a species-specific pattern of differentiation? Or
are the surrounding epithelia—which include the neural ectoderm of the
forebrain, the facial ectoderm lining the surface of the pharyngeal arches and
frontonasal prominence, and the pharyngeal endoderm coating the inner
surface of the pharyngeal arches—responsible for patterning? If we had an
answer to this question then understanding species-specific development
would be a relatively straightforward proposition. We could meticulously
scrutinize the pattern-generating tissue throughout a range of time points
and in a variety of species for the subtle variations in gene expression that
ultimately lead to differences in facial form, and thus begin to formulate a
model by which diversity is generated in the Animal Kingdom.

In that light, we consider a study designed to test the role that neural crest
play in pharyngeal arch formation (Veitch et al., 1999). The neural tube was
ablated prior to neural crest migration and despite the absence of neural
crest, pharyngeal arches formed and were properly regionalized (Veitch
et al., 1999). These surprising findings were some of the first evidence that
neither the formation nor the patterning of the pharyngeal arches is abso-
lutely dependent on neural crest cells. Which tissue is then patterning the
pharyngeal arch skeleton?

The endoderm has emerged as the most likely candidate for patterning this
region of the craniofacial complex. Pharyngeal clefts were in evidence before
the evolution of the neural crest (Gans and Northcutt, 1983; Northcutt and
Gans, 1983) again suggesting that the endoderm may have played an early role
in pharyngeal arch patterning. In more recent years, direct experimental proof
has come from analyses of zebrafish mutants. For example, zebrafish van gogh
(vgo) mutants are characterized by an absence of pharyngeal segmentation and
a failure of the surrounding mesoderm to pattern correctly (Piotrowski and
Nusslein-Volhard, 2000). Although hindbrain segmentation proceeds normally
in vgo mutants, the endodermal gill slits (i.e., pharyngeal clefts) do not form.
Consequently, neural crest cells exiting from the rhombencephalon fuse in the
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ventral surface due to the lack of pharyngeal pouches; the end result is a lack of
skeletal elements in the pharyngeal region (Piotrowski and Nusslein-Volhard,
2000). This phenotype suggests that the segmentation of the neural crest and the
organized differentiation of crest cells to form the pharyneal skeleton are
primarily determined by endodermal signaling.

Another zebrafish mutant called casanova lacks the entire viscerocranium
including the pharyngeal cartilage; the neurocranioum, however, is relatively
unaffected (Alexander et al., 1999). When wild type pharyngeal endoderm was
grafted into these mutants the defective head skeleton was rescued (Crump et al.,
2004a; David et al., 2002), which supports the hypothesis that the pharyngeal
endoderm is responsible for patterning the pharyngeal arch skeleton.

Couly and colleagues expanded on these seminal experiments by
performing a delicate and extensive set of ablations and transplantations
of defined regions of pharyngeal endoderm (Couly et al., 2002). By segregat-
ing the endoderm into four transverse stripes that corresponded to the
diencephalon (stripe I), anterior (stripe II) and posterior mesencephalon
(stripe III), and metencephalon (stripe IV) they were able to show that
removal of these regions of endoderm resulted in the reduction or absence
of the nasal capsule and upper beak (when stripe I was removed), Meckel’s
cartilage (removal of stripe 1), and the articular; quadrate, and proximal
portions of Meckel’s cartilage (removal of stripes III and IV) (Couly et al.,
2002). The group was able to show that implantation of quail endodermal
stripes II and III above the endogenous stripes II and IIT resulted in
supernumerary lower jaws positioned above the host jaw (Couly et al.,
2002). Furthermore, rostrocaudal inversion of these grafts resulted in the
ectopic lower jaw developing toward the back of the head (Couly et al.,
2002). Taken together, these data support the hypothesis that patterning and
orientation of the pharyngeal arch skeleton is dependent on the endoderm.
In turn, the pharyngeal endoderm is able to instruct the Hox expressing
neural crest as to the size, morphology, and orientation of the pharyngeal
skeletal elements. The obvious question is then, are there species-specific
differences in the molecular composition of the pharyngeal endoderm? To
answer that question, we first need to know which signals within the pha-
ryngeal endoderm are responsible for at least some aspect of this patterning
information. Once again, the zebrafish provides some of the most persuasive
solutions to this inquiry.

In the zebrafish acerebellar (ace) mutant, the loss of Fgf8 results in
deformed pharyngeal pouches and the reduction of the hyoid cartilage
(Draper et al., 2001; Reifers et al., 1998; Roehl and Nusslein-Volhard,
2001). Recently, Chuck Kimmel and his colleagues examined in detail the
role of Fgf8 in pharyngeal endoderm patterning (Crump et al., 2004a). They
observed deformed pharyngeal pouches and the reduction of the hyoid
cartilage. The pharyngeal pouches form from the directed lateral migration
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of endodermal cells, and it is this step that is disrupted in Fgf8 '~ animals
(Crump et al., 2004a). When Fgf signaling is further reduced by eliminating
Fgf3 the result is a complete failure of pouch formation. In these animals, the
pharyngeal endoderm was present but the lateral migration of the endoderm
was disorganized and consequently, the hyoid and branchial cartilages were
truncated, similar to the ace phenotype (Crump et al., 2004a).

Experiments conducted in mice offer further support for the role of Fgf
signaling in pharyngeal endodermal patterning. Fgf8 compound heterozy-
gous (FgfSneo/—) mutant embryos exhibited hypoplasia of the first and
second pharyngeal arches and their associated clefts (Abu-Issa er al.,
2002). Although neural crest cells migrated appropriately into the arches,
once they arrived they underwent premature programmed cell death, both in
areas adjacent and distal to sites of normal Fgf8 expression (Abu-Issa et al.,
2002). These data imply that Fgf signaling from the pharyngeal endoderm is
critical for the viability of cranial neural crest cells.

Fgfs are not the only molecular signal in the pharyngeal endoderm,;
endothelin-1 (Ednl) is an intercellular signaling molecule that is expressed
in the mesoderm of the pharyngeal arches, as well as in the epithelia of the
arches. Both mammalian and teleost data indicate that Ednl is involved in
dorsoventral patterning of the arches (Miller et al., 2000; Ozeki et al., 2004;
Remuzzi et al., 2002; Schilling et al., 1996), perhaps by establishing a
morphogen gradient (Gurdon and Bourillot, 2001; Gurdon et al., 1994).
Downstream targets of Ednl, such as the bHLH transcription factor Hand2
and the homeobox transcription factor Bapx1, are also involved in dorso-
ventral patterning in the anterior pharyngeal arches (Miller et al., 2003).
Specifically, Hand?2 plays a role in specifying the ventral pharyngeal carti-
lages of the lower jaw and Bapx! in specifying the jaw joint (Miller et al.,
2003; Tucker et al., 2004; Wilson and Tucker, 2004).

Recently, yet another zebrafish mutation has shed light on the role of
pharyngeal endoderm in craniofacial patterning. Integrina5 mutants are
characterized by the loss of cartilages derived from second arch neural crest
cells, as well as the reduction of associated cranial muscles and nerves
(Crump et al., 2004b). This phenotype most likely results from defects in
outpocketing of the pharyngeal endoderm, since the transplantation of wild
type endoderm (and not neural crest) can rescue first pouch and second arch
cartilage development (Crump et al., 2004b).

6. Neuroectoderm and Craniofacial Patterning

Specification of subdivisions of the brain, which include the forebrain, mid-
brain, and hindbrain, is thought to take place during gastrulation, and further
revision occurs during neurulation (reviewed in Altmann and Brivanlou,
2001). Following establishment of the subdivisions, each region develops
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largely independently from the others, under the influence of local organizing
centers like the isthmic boundary, which organizes the midbrain, and rhom-
bomere 4, which organizes the hindbrain (Jaszai ef al., 2003). Conditional
inactivation of Fgf8 in the midbrain results in a failure to maintain expression
of Wntl as well as Fgfl7, Fgfl8, and Gbx2; consequent ectopic cell death
results in the loss of the midbrain and cerebellum (Chi et al., 2003).

Similar patterning mechanisms operate during zebrafish brain develop-
ment. Through misexpression and transplantation studies Kimmel and col-
leagues found that Fgf8 and Fgf3 emanating from rhombomere 4 were
responsible for the initiation and development of more posterior rhombo-
meres, which ultimately give rise to the hindbrain (Maves et al., 2002).
Although blocking translation of either Fgf8 alone or Fgf3 alone does not
produce severe hindbrain defects, blocking both together inhibited develop-
ment of rhombomeres 5 and 6 (Maves et al., 2002). On a molecular level,
these blockages lead to a complete absence of Krox-20, Val, and Hoxbl
expression, all of which are involved in rhombomere 5/6 development
(Maves et al., 2002). Transplantation of rhombomere 4 tissue that contains
endogenous Fgf8 promotes development of r5 and r6-associated entities
(Maves et al., 2002). When considered together, these data clearly demon-
strate a role for Fgf8 emanating from the neuroectoderm in proper cranio-
facial development.

In birds, indirect evidence suggests that Fgf8 signaling from the neuroec-
toderm promotes development of the jaws (beaks, in chickens). For example,
when Hoxa?2 expressing neural crest cells are removed, the result is the loss
of Fgf8 expression in the forebrain and in the first arch ectoderm, and
consequently an open neural tube and arrest in facial skeletal development
(Creuzet et al., 2004). Delivering Fgf8 protein appears to rescue develop-
ment of the facial skeleton, in part because the growth factor promotes cell
proliferation in rhombomere 3 (Creuzet et al., 2004). Their data also indi-
cates that the expression of Fgf8 in the first arch ectoderm is dependent on
signals from the neural crest, thereby invoking a positive feedback loop
between epithelia and mesenchyme that supports craniofacial morphogene-
sis (Creuzet et al., 2004). Given its critical role in maintaining cell viability in
the craniofacial prominences, one might legitimately wonder if variations in
Fgf signaling account for variations in facial form between the species. One
obvious mechanism by which the facial primordia could be shaped is by
regulating local sites of cell proliferation and death. Such a mechanism
operates in sculpting the vertebrate limb bud (Boulet et al., 2004; Cretekos
et al., 2001). Perhaps an analogous process is responsible for molding the
upper and lower jaws and the frontonasal prominence. To date, this type
of careful comparison between species for subtle changes in the expression
patterns of Fgf ligands, their receptors, and their effectors has not been
undertaken.
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In addition to Fgf8, a secreted growth factor in the Hedgehog family also
plays a critical role in craniofacial morphogenesis. Sonic hedgehog (Shh) is
first expressed in the midline of the neural plate (Fig. 4A), where it plays a
crucial role in establishing mediolateral patterning of this tissue, as the null
mutation of the protein demonstrates (Chiang et al., 1996). As neurulation

Figure 4 Ontogeny of Shh expression in a developing chick embryo. (A-F) Sagittal sections of
chick embryos, where red (pseudocolored using photoshop) represents sh/ expression as
obtained by in situ hybridization with S$*°. (A) Shh is expressed in the forebrain (fb) at stage 10
in tissues such as the ventral prosencephalon (vp), and pharyngeal endoderm (pe). (B) By stage
15, the prosencephalon has subdivided into the telencephalon (te) and the diencephalon (di); shh
transcripts are localized to the diencephalic neuroectoderm (ne). (C) At stage 17, shh expression
is present in the telencephalon. (D) Around stage 20, shh is expressed not just in the diencephalic
and telencephalic neuroectoderm, but also in the facial ectoderm (fe). (E) From stage 20
onwards, shh expression remains constant in the neuroectoderm and facial ectoderm. Panels
reproduced courtesy of Journal of Clinical Investigation.
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proceeds, Shh expression is detected in the prosencephalon, which subse-
quently divides into the telencephalon and diencephalon (Cordero et al.,
2004) (Fig. 4B). Later still in development, Shk is induced in the ventral
telencephalon, which is separated from the diencephalic domain by a Shh-
negative optic recess (Cordero et al., 2004) (Fig. 4C). Finally, Shh is induced
in ventral facial ectoderm (Cordero et al., 2004) (Fig. 4D), in a domain that
is juxtaposed to an Fgf8 expression domain in the dorsal ectoderm (Hu et al.,
2003). Removing the forebrain domain of Shh expression (Cordero et al.,
2004; Marcucio et al., 2005) or the facial ectodermal domain of the same (Hu
et al., 2003) blocks proper morphogenesis of the frontonasal prominence,
which gives rise to the middle and upper face. Although skeletal elements
form, their dorsoventral patterning is disrupted and the results are facial
clefting and midfacial hypoplasia (Hu and Helms, 1999; Jeong et al., 2004;
Rallu et al., 2002).

In zebrafish, a similar role for Shh signaling has been confirmed. Shh,
emanating from the same ventral neuroectodermal domain, directly pat-
terned the ventral surface ectoderm without requiring an intermediate signal
from the neural crest (Eberhart and Kimmel, personal communication). In
fish as well as in birds, loss of neuroectodermal Shh prevents neural
crest cells from aggregating into condensations and forming skeletal ele-
ments (Cordero et al., 2004, 2005). Collectively, these studies indicate that
the forebrain neuroectoderm imparts essential information, in the form of
Shh and Fgf signaling, that patterns and guides the differentiation of the
frontonasal neural crest.

7. Facial Ectoderm and Craniofacial Patterning

For years, we have known that Shh plays an integral role in craniofacial
development. Removing, manipulating, blocking, and ectopically expressing
Shh in the face all profoundly alter normal craniofacial morphogenesis
(Cordero et al., 2004; reviewed in Cordero et al., 2005). In addition, humans
with defects in Shh signaling exhibit a range of craniofacial malformations
(reviewed in Edison and Muenke, 2003; Roessler and Muenke, 2003). Recent
studies have begun to parse out how perturbing Sh/ expression in different
tissues gives rise to different maladies.

Some of the initial strides toward determining the function of Shh in
craniofacial development came from ablation studies, in which removal of
Shh expressing frontonasal ectoderm led to the arrest of frontonasal out-
growth (Hu and Helms, 1999). Removing non-Shh expressing facial ectoderm
had no discernible effect on facial morphogenesis (Hu and Helms, 1999),
indicating that Shh played a role in directing the patterned outgrowth of the
frontonasal prominence. The data also suggested that not all facial ectoderm
was equivalent in its capacity to maintain the growth of the facial processes.
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This conclusion, while true, proved to be an oversimplification of Shh’s
participation in craniofacial development. Shh does not act in isolation, but
rather in concert with other molecules to produce patterned outgrowth of
the middle and upper face. In subsequent study, we identified a molecular
boundary in the frontonasal ectoderm, defined by the juxtaposed domains of
Fgf8 and Shh, which presaged the initial site of frontonasal process out-
growth (Hu et al., 2003) (Fig. 5). Fate maps confirmed that this boundary
region, which we referred to as the frontonasal ectodermal zone (FEZ), later
demarcated the dorsoventral axis of the upper beak. Ectopic transplantation
of the FEZ activated a cascade of molecular events that reprogrammed the
developmental fate of frontonasal, non-Hoxa expressing mesenchyme,
which resulted in duplications of upper and lower beak structures (Hu
et al., 2003). The dorsoventral polarity of these ectopic structures was
entirely dependent on the orientation of the transplanted FEZ (Hu et al.,
2003).

The location of the FEZ coincides with the location of the major axes of
growth in avian beaks. The epithelial domains of Fgf8 and Shh work
together to facilitate patterning and beak outgrowth (Abzhanov and Tabin,
2004). Using an in vitro approach, Cliff Tabin and his colleagues showed
that misexpression of Shh alone in neural crest cultures failed to induce
chondrogenesis but misexpression of Shh with Fgf8 and Fgf2 induced
chondrogenesis at high rates (Abzhanov and Tabin, 2004). These results
were mirrored in vivo, in which coinfection with Shh and Fgf8 led to
abnormal cartilaginous outgrowths reminiscent of beak tip formation
(Abzhanov and Tabin, 2004). These ectopic outgrowths were not patterned
properly (Abzhanov and Tabin, 2004), presumably because retroviruses
cannot duplicate the endogenous juxtaposition of their gene expression
domains. Nevertheless, the data clearly demonstrates that Fgf8 from the
FEZ region of the ectoderm acts in concert with Shh to initiate and main-
tain formation of the upper and lower beak from neural crest derived
mesenchyme.

Knowing what a molecule does is quite different, however, from knowing
how it is regulated. The question of what maintains the expression of Fgf8 in
facial ectoderm remained unsolved until a recent study by Le Douarin and
colleagues, which revealed that Fgf8 expression is maintained in surface
ectoderm by underlying neural crest cells (Creuzet et al., 2004). When Le
Douarin and colleagues removed neural crest cells from chick embryos,
the ectodermal domains of Fgf8 were abolished and many facial skeletal
elements failed to form. These effects could be partially rescued by addition
of exogenous Fgf8 (Creuzet et al., 2004). What actually induces Fgf8 in facial
ectoderm, however, remains unknown. The expression domain is established
around the time of neurulation and persists in the facial ectoderm long
before neural crest cells arrive in this location. A series of experiments by
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Figure 5 The facial ectodermal zone (FEZ) is important for outgrowth and patterning of the
frontonasal prominence. (A) A sagittal section of a stage 20 chick embryo; red corresponds to a
shh-expressing domain and green corresponds to a fgf8-expressing domain (as obtained by in situ
hybridization with $*°, and pseudocolored with photoshop). B and D are schematic drawings of
similar sections of stage 20 donor (B) and stage 25 host (D) chick embryos, respectively. (C, E)
Sections of stage 36 control and transplanted embryos, respectively, stained with trichrome.
Transplantation of the FEZ (yellow arrows) from a stage 20 chick donor (B) to a stage 25 chick
host (D) causes an ectopic beak to form by stage 36 (E, black arrowhead). Donor FEZ
tissue is indicated by dark red and green, while host FEZ is indicated by light red and green.

Paul Sharpe and coworkers argue that, at least for Fgf8 in the oral ectoderm,
the endoderm is responsible for Fgf induction and thus regionalization of the
overlying ectoderm (Haworth et al., 2004).
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8. Ephrins and Craniofacial Patterning

Throughout this chapter, we have tried to present the process of craniofacial
patterning as one that occurs as a result of a combination of signaling
molecules acting on a variety of tissues. However, till this point, a molecular
link between tissue—tissue interactions has been lacking. How do the cranio-
facial tissues coordinate with one another to direct morphogenesis? A possible
answer to this question is via Ephrin/Eph signaling.

Perhaps no other molecular pathway described herein epitomizes the
concept of reciprocal signaling like Ephrins and their receptors, the Ephs.
Ephrins and Eph receptors are membrane bound proteins that function as a
ligand-receptor pair (reviewed in Davy and Soriano, 2005). Upon binding,
signaling can occur in both the forward (i.e., in the cell that expresses the
Eph receptor) and the reverse (in the cell expressing the Ephrin ligand), thus
providing a molecular conduit for cross-talk between and among tissues
(Davy et al., 2004; Holder and Klein, 1999; Poliakov et al., 2004). Ephrin
ligands and Eph receptors are expressed in a variety of tissues in comple-
mentary patterns and also play a role in craniofacial development, perhaps
because of their crucial function in directing neural crest migration.

Neural crest cells migrate from the dorsal neural tube into the promi-
nences of the face and in avians, this migratory stream is divided into three
components: those neural crest cells originating from rhombomere 2 that
migrate into the first arch; those arising from rhombomere 4 that migrate
into the second arch; and those neural crest cells from rhombomere 6 that
migrate into the third arch (Lumsden et al., 1991) (Fig. 6A). Whereas these
data suggest that there is a functional consequence to the separation of the
streams of migrating neural crest, in frogs the neural crest cells are not
separated—yet they still migrate to specific and separate locations without
intermingling (Sadaghiani and Thiebaud, 1987). Therefore, a particular set
of guidance cues appears to restrict the migration of neural crest cells into
distinctive streams, and based on their expression patterns, the Ephrin/Ephs
are prime candidates (Fig. 6B).

To elucidate the role of Eph receptors in neural crest migration, truncated
receptors, which acted in a dominant negative fashion, were overexpressed in
frog embryos. As a result of this overexpression, neural crest cells were
scattered and failed to migrate appropriately (Smith ez al., 1997). These data
indicated that Ephrin/Eph signaling was crucial for the proper migration of
the cells (Smith et al., 1997). Double in situ hybridization analyses showed
that EphrinB2 and EphA4 positive neural crest cells were initially in contact
with one another then separated after migration began, which suggested that
Ephrins might act to restrict the migration of subsets of neural crest cells
(Smith et al., 1997). Additional experiments revealed that perturbing either
Eph or Ephrin expression resulted in the dispersal of neural crest cells, which
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Figure 6 Ephrin receptor-ligand interactions create boundaries for neural crest migration
streams. (A-B) Schematic drawings depicting neural crest migration, and ephrin (eph)
expression, respectively. (A) Schematic depicting the migration pattern of neural crest from
discrete rhombomeres to corresponding branchial arches. Rhombomeres are color-matched to
branchial arches, indicating which rhombomere the neural crest cells in a particular arch or
facial prominence hail from. For example, neural crest cells that populate the anterior part of
the first arch are colored orange, indicating that the first arch is populated by a mixture of crest
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has led to the hypothesis that Ephrin signaling alters the adhesiveness of cells,
such that cells destined for one arch may have different adherent properties
relative to other neural crest cells. Subsequent experiments in avians indicate
that Ephrin/Ephs act as bifunctional guidance cues, responsible for repelling
some migrating neural crest cells and stimulating the migration of other cell
types (Santiago and Erickson, 2002). If Ephrins and Ephs are necessary and
sufficient to dictate neural crest migration patterns, it will be important to
elucidate the Ephrin/Eph expression profiles for all arches and determine if an
Ephrin/Eph code, similar to that of the Hox code, exists. Regardless, under-
standing the nature of Ephrin/Eph signaling will surely shed light on the
crosstalk that exists between cells, which participate in craniofacial pattern-
ing. Further, understanding of molecules necessary for cross-talk at a cellular
level will undoubtedly lend itself to elucidating the mechanism of how tissue
movements are orchestrated during craniofacial development.

9. Something to Sink your Teeth into: Teeth as a Model of
Species-Specific Development

Millions of years ago, avians lost their teeth while mammals retained the
ability to form a dentition. While sidestepping the issue of what motivated
this morphological change, we can still ask the question, what changes had
to occur in order for this loss to happen? This question was addressed in the
last century by performing tissue recombination experiments, in which avian
oral epithelium was combined with mesenchyme from the presumptive
molar region of a mouse (Kollar and Fisher, 1980). The result from these
experiments was the formation of teeth complete with ameloblasts deposit-
ing enamel matrix (Kollar and Fisher, 1980). One recurring problem with
these experiments, however, was in proving that the enamel in these chimeric
teeth was actually derived from the avian epithelium and was not the result
of contamination by mouse epithelium. Nevertheless, the conclusion from
this seminal study was that avians lost their teeth not as a consequence of
eliminating coding regions for enamel-specific genes from the bird genome
but rather because of alterations in the tissue interactions that are required
for odontogenesis. And it is precisely this latter point that has been verified
in recent years. For example, when avian mesenchyme is combined with

cells from the mesencephalon (pink) and rl (yellow). (B) Schematic depicting the expression of
different eph proteins in rhombomeres, mesoderm, and branchial arches. Interactions between
eph ligands and eph receptors may serve to create boundaries between neural crest streams,
thereby ensuring that neural crest from a particular rhombomere migrates to the correct arch.
For example, ephB2 ligand is expressed by cells in rhombomere 4 prior to migration, while cells
expressing eph receptors Bl and A4 populate rhombomere 5 prior to migration. As all of these
cells begin to migrate outward from the rhombomeres toward the arches, the eph receptors Bl
and A4 interact with eph ligand B2 at the rostral side of the third arch stream. These
interactions effectively create a “barrier” of sorts that restricts neural crest destined for the third
arch from streaming into second arch territory.
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mouse odontogenic epithelium, the avian mesenchyme exhibits its odonto-
genic potential, suggesting once more that avian tissues retain their potential
to make teeth if provided with the correct signals (Wang et al., 1998). Paul
Sharpe, Tim Mitsiadis, and their colleagues took this study one step further
by transplanting into avian embryos mouse neural crest cells destined for the
first arch. In those chimeric animals in which neural crest cells populated
the arch, they found the induction of tooth-related genes such as Msx/ and
Pax9 in the mouse mesenchyme, presumably in response to signals emanat-
ing from the overlying chick epithelium (Mitsiadis et al., 2003). Thus, these
data refine the original conclusion that birds lost their tooth-forming ability
because of alterations in tissue interactions that are required for odontogen-
esis; it now appears that chickens fail to make teeth because their neural crest
cells have lost the ability to respond appropriately to signals emanating from
the oral epithelium. These data indicate that both neural crest cells and
surface ectoderm have species-specific characteristics and both tissues con-
tain information that directs morphogenesis in a species-specific manner.

10. Fgf8 and the Concept of the Ectomere

The concept of a molecular téte-a-téte between craniofacial tissues is man-
ifested by the ectomere, a region of epithelium that appears to function as an
embryological unit with a well-defined morphological outcome. Similar to
rhombomeres, the notion of an ectomere was first presented by Le Douarin
and colleagues as a segment of neuroectoderm and surface ectoderm that
moved in register toward a final resting place in the facial prominences, all
the while carrying on a molecular dialog that was critical to establishing a
particular fate (Couly and Le Douarin, 1990). Although no defined “code”
of expression is yet known to define the ectomere, data from Paul Sharpe’s
lab as well as from our own lab suggests that Fgf8 may be a molecular
component of this domain (Fig. 7).

Le Douarin and Couly defined the ectomere when they created a fate map
of the early neurula and denoted which regions along the anteroposterior
neural axis were responsible for contributions to the developing face (Couly
and Le Douarin, 1990). Using the quail/chick chimeric system they traced
the movements of the presumptive facial and hypobranchial ectoderm,
which segregated into neuroectodermal and facial ectodermal domains
around the time of neurulation. The neural crest which arose from this
region of ectoderm moved in accordance with the surrounding neural and
surface ectoderm (Couly and Le Douarin, 1990).

Fifteen years later, Paul Sharpe and his colleagues described an ectomere-
like concept that operates during tooth development. The regionalization of
the oral ectoderm into Fgf8-positive (molar) and FgfS8-negative (incisor)
domains occurs long before the pharyngeal arches have formed; the region-
alization is evident as early as neurulation (Haworth et al., 2004). In our own
lab we have examined the expression domains of Fgf8 and found that the



1. The Molecular Origins of Species-Specific Facial Pattern 27

Neural crest

Midbrain -

Forebrain’

Figure 7 Fgf8 may delineate an “ectomere.” (A, C, E) Schematic drawings of a developing
chick embryo, illustrating neural crest migration during craniofacial development. (B, D, F)
Fgf8 expression in the chick craniofacial complex during embryonic development (obtained by
in situ hybridization with $** and pseudocolored with photoshop). (A-D) As the closed neural
tube begins to differentiate into the central nervous system, the neural crest begins to migrate
anteriorly from particular rhombomeres (r1-r3) into discrete regions of the face. During this
process, the neuroectoderm (ne) and surface ectoderm (se) components of the ectomeres
continue to remain aligned (as shown by yellow arrows). (E-F) As neural crest migration nears
completion, the neuroectoderm and facial ectoderm (fe; late-stage term for surface ectoderm)
components of the ectomere are no longer aligned. C, caudal; is, isthmus; mes, mesencephalon;
mn, mandible; PA, pharyngeal arch; pe, pharyngeal endoderm; rp, Rathke’s pouch; R, rostral;
tel ne, telencephalic neuroectoderm.

neuroectodermal domain of Fgf8 is aligned with the facial ectodermal do-
main, until the intervening frontonasal neural crest separate the two epithe-
lia (Helms et al., 2005). As neural crest migration nears completion, the
neuroectoderm and facial ectoderm components are no longer aligned, but
subsequent experiments show that the facial ectodermal domain of Fgf8 is
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essential to form a border that establishes the dorsoventral boundary of the
upper beak (Abzhanov et al., 2005; Hu et al., 2003). We still do not know,
however, if Fgf8 signaling is the impetus for the formation of this boundary.

To date, only the functionality of the ectomere is certain. The coupled
migration of tissues that eventually give rise to a structure has been estab-
lished. What remains a hypothesis is the molecular delineation of the region.
If Fgf8 is a candidate for this role, then labeling Fgf8 expressing cells within
this area and charting their movement may be necessary to definitively prove
its role in defining the ectomere. In addition, studying the concept of
“organizer”’-like domains throughout the craniofacial region may in fact
be the best mechanism to examine crosstalk between tissues.

C. Third Step in Craniofacial Patterning: Controlling Growth,
Differentiation, and Cell Death

Invariably there are species-specific differences in the early patterning steps
described above, but few studies have investigated these stages in detail.
Instead, the majority of studies that shed light on the basis for different
craniofacial forms have focused on later stages of development, when cell
proliferation, differentiation, and death act to shape the craniofacial skele-
ton. In the following section, we will present an overview of these studies,
which elegantly illustrate how studies in mice, fish, and fowl contribute to
our understanding of the forces driving species-specific form.

1. Species-Specific Differences in Craniofacial Form

To investigate the genetic basis of craniofacial diversity, one would ideally
like to have a model organism characterized by enormous variation in facial
form. Despite this variability, an ideal model organism would retain the
ability to interbreed between the species. This latter feature is especially
useful because interbreeding between disparate animals would generate
progeny with intermediate phenotypes available for analysis. In addition,
an ideal model would have evolved relatively recently so that hybrid incom-
patibility does not pose a problem. For all of these reasons, the small East
African rift fish known as the cichlid has become a favored organism for
study (Fig. 8). An astonishing 200 species are estimated to have evolved
within the last 10 million years (Kocher, 2004), which certainly places
cichlids on the fast track in terms of evolutionary diversity. This rapid
diversification also means that interbreeding is possible.

Using the detailed description of cichlid skeletons as a starting point
(Barel, 1983), Albertson and colleagues mated two species of cichlids with
drastically different facial features, and their progeny were analyzed using
Quantitative Trait Loci (QTL) to map locations in the genome that cose-
gregated with alterations in the jaw skeletons (Albertson ef al., 2003a,b). The
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traits analyzed reflected general differences in the height, length, and width
of the jaws, and the results of the study indicated that modifications in a
small number of loci could account for the variations observed in
jaw morphology (Albertson et al., 2003a,b). In other words, generating

Figure 8 Continued.
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Figure 8 Bmp4 expression levels control beak depth and height. (A and B) Large ground finches
have thick, broad, and long beaks. (C) The embryonic beak of a ground finch exhibits high Bmip4
expression levels, which promote chondrogenesis and therefore increased beak height, length,
and depth (shown by red arrow). (D) Misexpression of Bmp4 in the frontonasal process
mesenchyme of chick embryos produces a noticeably broader and thicker upper beak, paralleling
the beak morphology of the ground finch. (E) Alcian staining of chick embryos injected with
RCAS-Bmp4 reveals enlarged skeletal elements in the upper beak. (F and G) Cactus finches have
thinner, shorter, and narrower beaks. (H) The embryonic beak of a cactus finch exhibits very little
Bmp4 expression, and chondrogenesis of the beak is not as pronounced, which leads to an overall
smaller beak. (I) Misexpression of noggin, a Bmp4 antagonist, in frontonasal process
mesenchyme of chick embryos produces a noticeably thinner and narrower upper beak,
paralleling the beak morphology of the cactus finch. (J) Alcian staining reveals markedly stunted
upper beak skeletal elements in chicken embryos injected with RCAS-noggin. Images B-D and
G-I from Abzhanov, A., Protas, M., Grant, B. R., Grant, P. R., and Tabin, C. J. (2004) Bmp4
and Morphological Variation of Beaks in Darwin’s Finches. Science 305, 1462; Images E, J from
Wu, P., Jiang, T. X., Suksaweang, S., Wideltz, R. B., and Chuong, C. M. (2004). Molecular
Shaping of the Beak. Science 305, 1465-1466; images reproduced with permission of Science.
Images A, F courtesy P. Grant, A. Abzhanov and C. Tabin.

enormous variability in facial features does not mean that an enormous
number of genes have to change. Rather, the data suggest that as few as a
single locus might be responsible for changes in jaw morphology.
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2. Bmp Signaling in Teleosts: Not the only Fish in the Sea

The next obvious question is whether a single locus contains any candidate
genes that might be responsible for such morphological variations. Norihiro
Okada and his colleagues focused on one such candidate, Bmp4 (Terai et al.,
2002). These scientists took advantage of the fact that cichlids occupying the
East African Great Lake exhibit a more varied jaw skeleton relative to the
cichlids occupying the nearby rivers (Terai et al., 2002). Okada postulated
that the more highly speciated Lake cichlids should exhibit a higher frequen-
cy of amino acid substitutions in those genes that were involved in some way
with the morphological variations (Terai et al., 2002). Although no signifi-
cant differences in substitution rates were observed in a number of possible
candidates, a different story emerged when the amino acid sequence of Bmp4
was analyzed (Terai et al., 2002). While the coding region for Bmp4 was not
changed between the Lake and river cichlids, the group did uncover varia-
tions in the prodomain of the molecule (Terai et al., 2002). This finding
implied that posttranslational modifications in Bmp4 could account for at
least some of the variations in cichlid jaw morphology.

3. Bmp Signaling in Fowl: A Tough Nut to Crack

13

Darwin noted that among the 13 species of finches on the Galapagos, “a
nearly perfect gradation may be traced from a beak extraordinarily thick to
one so fine that it may be compared with that of a warbler.” (Darwin, 1859).
These morphological variations are also evident during the embryonic peri-
od, but at some point during development, all avian embryos look nearly
identical. As Darwin did, one might ask how such variations came about?
CIliff Tabin and his coworkers addressed this question and began by scruti-
nizing embryos from the same finches that Darwin examined (Abzhanov
et al., 2004). At a time during embryonic development when the Ground
finch and its cactus-dwelling cousin appeared nearly identical, in situ hybri-
dization analyses revealed that the Bmip4 expression pattern was already
altered (Abzhanov et al., 2004). Tabin found that even though the fronto-
nasal prominence was roughly equivalent in size and shape, Bmp4 expression
was higher in the Ground finch mesenchyme than in the Cactus finch
mesenchyme (Abzhanov e al., 2004) (Fig. 9). To experimentally test whether
spatial and temporal changes in Bmp4 expression could account for the
relative size and shape differences in the different finch beaks the investiga-
tors turned to chicken embryos and misexpressed Bmp4 throughout the
mesenchyme of the frontonasal prominence (Abzhanov et al., 2004). This
process converted the narrow, short chick beak into much broader, bigger
beak that bore a resemblance to the large Ground finch (Abzhanov et al.,
2004). When considered in light of the cichlid data, one cannot help but
wonder if species-specific differences in the regulatory region of the Bmp4
gene could be responsible for the different expression patterns in the Cactus



Figure 9 Morphological differences between jaws of cichlids. (A) The river-dwelling cichlid Metraclima Zebra (left) has a jaw structure (right) that is
well-suited for sucking. (B) The Great Lakes cichlid Labeotrophus Fuelleborni (left) has a jaw structure (right) that is well-suited for biting. Photos of
Labeotrophus Fuelleborni and Metraclima Zebra courtesy of J. Dion and F. Hagblom, respectively. Drawings from Albertson, R. C., Streelman, J. T.,
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and Ground finches and whether differences in gene expression domains can
account for some of the morphological variation in the bird beaks.

4. Three Faces of Aves: Chickens, Ducks, Quails, and
Craniofacial Patterning

Like cichlids and labrids, birds have evolved particular facial features ap-
propriate for their ecological niches. Seed-eating avians typically have short,
narrow beaks while waterfowl generally have broad bills suited for sieving
plant matter and aquatic invertebrates. Cheng-Ming Chuong and coworkers
made use of these particular differences in avian beak morphology to address
whether spatial variations in Bmp4 expression coincided with spatial differ-
ences in growth between two avian beaks (Wu et al., 2004). Chuong and his
colleagues analyzed growth zones in the chick’s frontonasal prominence at
three developmental stages. Using BrdU labeling, they detected two zones of
proliferation at the lateral edges of the frontonasal prominence that shifted
positions with advancing age and eventually corresponded to the facial
organizer, the FEZ (Hu et al., 2003). In the duck frontonasal prominence,
these proliferating zones were located on the lateral edges of the frontonasal
prominence and remained separated even with advancing age (Wu et al.,
2004). These sites of cell proliferation coincided with sites of Bmp4 expres-
sion, and when Bmp signaling was activated or repressed, the width and
breadth increased or decreased, respectively (Wu et al., 2004).

Taken together with the Darwin finch and African cichlid data, Bmps are
gaining increasing recognition as key regulators of craniofacial form. Could
similar posttranslational modifications in the regulatory region of Bmp4
exist in other species with drastically different facial morphologies—say,
dogs for instance? And is Bmp4 the mediator or the molecular by-product
of morphological change? Answers to these questions will undoubtedly shed
some much needed light on the process of species-specific morphological
diversity.

D. Putting it All Together: Species-Specific Craniofacial Morphogenesis

One of the crucial steps toward understanding how unique facial patterns
are generated in different animals is to narrow down which cell populations
control species-specific patterning. The face is derived from three tissues,
and all are important for proper morphogenesis of the face. For example, the
forebrain neuroectoderm participates in craniofacial patterning not only by

and Kocher, T. M. (2003). Directional selection has shaped the oral jaws of Lake Malawi
cichlid fishes. Proceedings of the National Academy of Sciences 100(9), 5252-5257; reproduced
with permission of Proceedings of the National Academy of Sciences.
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acting as a structural support on which the middle and upper face develop
but also by functioning as a signaling center that controls gene expression
and cell behavior in the facial mesenchyme (Chazaud et al., 1996; Cordero
et al., 2004; Creuzet et al., 2002, 2004; Hu et al., 2003; Marcucio et al., 2005;
Osumi-Yamashita et al., 1994; Schneider et al., 2001; Smith, 2001). The
superficial epithelia, which include both facial ectoderm and pharyngeal
endoderm, are also sources of instructional cues that also guide the differ-
entiation of neural crest cells (Creuzet et al., 2004; Crump et al., 2004a,b;
Graham and Smith, 2001; Haworth et al., 2004; Hu et al., 2003; Miller et al.,
2000; Piotrowski and Nusslein-Volhard, 2000; Trokovic et al., 2003). An
abundant literature implicates the cranial neural crest in facial patterning as
well (reviewed in Heeg-Truesdell and LaBonne, 2004; Helms and Schneider,
2003; Le Douarin et al., 2004; Manzanares and Nieto, 2003; Trainor and
Krumlauf, 2001; Trainor et al., 2003).

To directly test the extent to which neural crest cells contain intrinsic
information for species-specific facial patterning, we swapped cranial neural
crest cells between duck and quail embryos then scrutinized the chimeras to
see whether a bill could become a beak and vice versa (Schneider and Helms,
2003). When a large population of quail cranial neural crest cells successfully
integrated into the facial prominences of a duck host, the resulting embryos
had a quail beak on a duck body. Molecular and cellular analyses of these
“qucks” indicated that the transplanted neural crest cells followed the time-
table of their original morphogenetic program and they repatterned the host’s
facial ectoderm to resemble the donor species (Schneider and Helms, 2003).

I11. Conclusions

Generating qucks and duails takes a bit of experimental finagling but Nature
performs more dramatic transformations on a recurring basis, throughout
evolution and between and among different animal species. Members of a
single species have many common characteristics but can show enormous
variability in their craniofacial features that can be passed to their progeny
during interbreeding. Whatever the origins may be for each trivial difference
between offspring and their parents—and a cause for each must exist—the
reasoning still holds that the steady accretion of advantageous changes
eventually give rise to important modifications in structure, which enable a
species to compete for its ecological niche.

Darwin did not show much restraint when he wrote, “Our ignorance
of the laws of variation is profound. Not in one case out of a hundred can
we pretend to assign any reason why this or that part has varied. But
whenever we have the means of instituting a comparison, the same laws
appear to have acted in producing the lesser differences between varieties
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of the same species, and the greater differences between species of the
same genus.”
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