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Preface

This is an interesting time in fish and marine biology. Following the
publication of the whole genome sequence of the first fish species,
Fugu ubripes, in 2002, now the genome sequencing projects are near
completion for the two popular experimental fish models, the zebrafish
(Danio rerio) and medaka (Oryzias latipes). Both models, particularly
the zebrafish model, have been well established as experimental systems
in developmental and genetic analyses, as well as increasingly in medical
research. In the past few years, we have witnessed an explosion of
information from these researches. In order to keep track of the rapid
development of this active field, we have devoted the entirety of volume
two of the Molecular Aspects of Fish and Marine Biology series to the
two small aquarium fish models. Thus, the name of this volume, Fish
Development and Genetics, The Zebrafish and Medaka Models.

In this volume, there are 19 chapters. We have a broad coverage
of zebrafish development from early embryogenesis to organogenesis.
The topics include maternal factors (Chapter 1), gastrulation (Chapter
2), organizer and notochord (Chapter 3), floor plate (Chapter 4), central
nervous system (Chapters 5 and 6), olfactory sensory system (Chapter
7), somites and segmentation (Chapters 8 and 9), muscle development
(Chapter 10), skeletogenesis (Chapter 11) and endoderm formation
(Chapter 12). We also have a few chapters on popular genetic tools
in developmental analyses, including morpholino gene knockdown
(Chapter 13), transgenic technology (Chapter 14), fish cloning
(Chapter 15), transposons (Chapter 16), and evolution of the zebrafish

vii
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genome (Chapter 17). In addition, two chapters focus on medaka
genome mapping (Chapter 18) and medaka embryonic stem cells
(Chapter 19).

These chapters summarize the current state-of-the-arts studies in
the two fish models (particularly in the zebrafish) and focus in particular
on the molecular aspects of development. We hope that this book will
be a valuable reference for students to learn basic aspects of the two
fish models as well as for researchers to look for resources in zebrafish
and medaka research.

Finally, we wish to thank all contributors for their time and efforts to
make the volume successtul. We would also like to thank Ms. Serene Ong,
editor of World Scientific, for her hard works and efficient efforts to ensure
that this book to be published in the shortest possible time, despite the
delay of submission of a few of the chapters.

Zhiyuan Gong
Vladimir Korzh
August 2004



Chapter 1

The Role of Maternal Factors in Early
Zebrafish Development

Francisco Pelegri

Laboratory of Genetics
University of Wisconsin, Madison

The earliest events in zebrafish development are driven by maternal factors deposited
in the egg during oogenesis that become activated upon fertilization and initiate cascades
of events that drive early development. This review summarizes the forward and reverse
genetic methods used to identify and analyze genes coding for such maternal factors.
I also discuss current knowledge on the cellular processes involved in two important
developmental transitions: the redistribution and activation of maternal factors at
fertilization, and the transition from maternal to zygotic genetic programs. In addition,
I summarize current knowledge on the function of maternal factors, both before and
after zygotic gene activation, in embryonic processes involved in general cellular

functions, axis formation, and cell fate specification.

1. Maternal-Effect Genes

The earliest embryonic processes are carried out by maternal factors
produced during oogenesis by the mother and stored in the mature
egg. Upon egg activation and fertilization, these factors become activated
and they, in turn, initiate cascades of events necessary for early
development. Only when the zygotic genome becomes activated at the
midblastula transition (MBT),"? which in the zebrafish begins at the
13™ cell cycle,®* does the embryo begin to utilize products derived
from its own genes. Therefore, all processes that occur before zygotic
gene activation must rely solely on maternal factors stored in the egg.
Maternal products present in the oocyte can, in principle, be utilized
for developmental functions that occur even after zygotic gene activation,
and indeed this expectation has been confirmed experimentally for some
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genes. In this chapter, I will first review the functional definition of
maternal factors and describe current tools used to identify such factors
and analyze their function. Subsequently, I will review our current
knowledge on the redistribution of these factors upon egg activation
and fertilization, and their function during early embryonic development.

1.1. Definition

The term “maternal factor” refers to any product produced during
oogenesis, which is stored in the egg, in the form of mRNA, protein
or another type of molecule, and which functions during early
embryogenesis. Maternal genes are those activated during oogenesis to
produce such maternal products. In other words, maternal genes are
essential in a female for the development of its progeny. Zygotic genes,
on the other hand, refer to those genes active in an organism when their
function is important for the organism itself (as opposed to its oftspring).
The functional definition of a maternal gene has been traditionally
determined through genetic analysis, so that a gene is determined to
act maternally when mutations in the female germ line that produces
the egg result in an embryonic phenotype in the progeny derived from
those eggs. Reciprocal crosses, where the mutations are present in the
male germ line and not in the female germ line, result in normal
progeny. For simplicity, both individuals with an allelic combination
that causes a phenotypic effect in their offspring, and the progeny
embryos themselves are referred to as genotypically mutant.

1.2. Classification of Maternal Effect Genes

Maternal effect genes can be classified as having either strictly maternal
or maternal/zygotic effects.

1.2.1. Strictly maternal-effect genes

Strictly maternal genes are expressed during oogenesis and this maternal
expression is both required and sufficient to carry out all the function
of the gene in the early embryo. A landmark characteristic of strictly
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maternal-effect genes is that the embryonic phenotype produced by
mutations in them is only dependent on the genotype of the female
germ line from which the eggs are derived and is independent of the
genotypic constitution of the embryo itself (Table 1). In other words,
all functional product is supplied maternally and either there is no early
embryonic expression or, if there is, its functional contribution is
negligible. Because of this, progeny from mutant mothers show the
same phenotype regardless of the genotype of their fathers. This category
of genes includes genes such as futile cycle, janus, nebel and ichabod
(Table 2; Fig. 1).

It is important to note, however, that mutations resulting in strict
maternal effects may be special alleles of genes that are required both
maternally and zygotically. This situation can be envisioned for a
hypomorphic allele when the zygotic function requires a lower threshold
of wild-type function than the maternal function. It is also possible
that mutations may specifically affect the maternal expression of a gene
that is also used zygotically, for example, if it affects a maternal-specific
transcript. Because of these possibilities, only after substantial analysis,
such as the determination of the nature of the allele by molecular genetic
analysis as well as the expression pattern of the gene, is it possible to
conclude that a gene is strictly maternal.

1.2.2. Maternal-zygotic genes

Maternal-zygotic genes are expressed during both oogenesis and
embryogenesis, and both maternal and zygotic products provide
significant function. The hallmark of this genetic phenomenon is that
the phenotype when both maternal and zygotic contributions are mutant
(the maternal-zygotic (MZ) phenotype) is stronger than the phenotypes
produced by mutation in either the maternal contribution or the zygotic
contribution alone. Such a genetic interaction can also show different
effects with respect to the separate etfects ot the maternal and zygotic
genetic contributions (Table 1, Table 3):

i) Mutations in the zygotic contribution alone, but not the maternal
contribution alone, result in a detectable phenotype. This category



Table 1 Maternal and maternal-zygotic effects.

Case m/m 9 m/+ 9 Summary Phenotypic
y X X (genotype: strengths
+/+ O +/m d mim d m/+ d phenotype)
Recessive strictly maternal 100% mut 100% mut 100% mut 100% wt M7~ wt
M~Z*:mut n.a
M~Z":mut
Recessive maternal—zygotic
i) only zygotic-effects result
in a phenotype 100% wt 50% wt 75% wt M*Z~:Zmut
50% MZmut  100% MZmut 25% Zmut M Z* :wt MZmut > Zmut
M~77:MZmut
ii) both maternal and zygotic 100% Mmut  50% Mmut 75% wt M*Z™:Zmut MZmut > Mmut,
effects result in phenotypes 50% MZmut  100% MZmut 25% Zmut M~Z :Mmut Zmut
M~77:MZmut
iii) only maternal-effects result 100% Mmut  50% Mmut M7 :wt
in a phenotype 50% MZmut  100% MZmut 100% wt M~Z*:Mmut MZmut > Mmut
M~Z":MZmut
iv) neither maternal nor zygotic 100% wt 50% wt M7 :wt
effects result in a phenotype 50% MZmut  100% MZmut 100% wt M~Z77"wt n.a.
M~77:MZmut
Dominant maternal — zygotic 25% Zmut MY/777/7 MZPmut < Zmut*
50% MZPmut  Zmut
25% wt M7+
MZPmut

MY ~Z/*wt

Abbreviations. mut: mutant phenotype; Mmut: maternal-effect mutant phenotype, MZmut: maternal-zygotic mutant phenotype; Zmut: zygotic
mutant phenotype; n.a.: not applicable (since there is only one relevant phenotype); M* or M~: genotypically wild-type or homozygous mutant,
respectively; in the maternal germ line; Z* or Z™: genotypicaly wild-type or homozygous mutant, respectively, in the zygote; M* /~: genotypically

heterozygous in the maternal germ line; Z* /~: genotypically heterozygous in the zygote.

2 Maternal-zygotic dominant phenotypes have been observed to be weaker than a full loss of zygotic function. This is consistent with the dominant
maternal-zygotic interaction being caused by an overall partial reduction of maternal and zygotic function. In principle, however, other strength

orders are possible.

v
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Table 2 Genes with a strict maternal-effect.

Gene name Process affected References
futile cycle Pronuclear fusion 78
ichabod Induction of the dorsal axis (accumulation of nuclear 21

fcat protein in dorsal nuclei)

Janus Cell adhesion, results in split blastoderms which 20

produce duplicated axes

nebel Organization of the furrow microtubule array, which 60

affects cell adhesion and the segregation of
the germ plasm

yobo* Dorsal axis convergence and extension 79

*Mutations in yobo also have a zygotic effect, where homozygotes exhibit a reduction in

xanthophores during the larval stages. However, the convergence extension embryonic

phenotype appears unrelated and is strictly maternal.

contains recessive mutations in genes such as lazarus® lost-a-fin,%’
0gon,3710 one-eyed pinhead 't and schmalspur'>'3 (Fig. 2),
Mutations in both maternal and zygotic contribution separately result
in a detectable phenotype. Recessive mutations in genes such as
pipetail™ and somitabun'® fall in this category.

In principle, there are two other possibilities:

iii)

Mutations in the maternal contribution alone, but not the zygotic
contribution alone, result in a detectable phenotype. This may be
the case for the gene radar with respect to its role in dorsoventral
patterning,'¢ as suggested by the analysis of functional knockdowns
(see “Morpholino-mediated functional knockdown” and “Bmp
signaling: promotion of ventral cell fates”). However, this finding
should be confirmed through genetic analysis of loss of function
mutations in the gene.

iv) Mutations in both the maternal and the zygotic contribution, result

in a detectable phenotype, but when occurring separately show no
phenotype. This situation can occur if either the maternal or the
zygotic contribution alone provides sufficient function for normal
development. Such redundancy would make these mutations difficult
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Fig. 1 A recessive, strictly maternal-effect mutation in the gene nebel affects germ plasm
segregation and cell adhesion. (A, C) wild-type embryos; (B, D) nebel mutant embryos.
(A, B) confocal images of wild-type and nebel mutant embryos labeled using an antibody
against a-tubulin (green), to highlight microtubular structures, and in situ hybridization
to detect the vasps mRNA (red), a component of the germ plasm. Arrays of microtubules
at the forming furrows in wild-type embryos (brackets where visible) are reduced or absent
in nebel mutants. Note that vasa mRNA containing aggregates (asterisks), which in wild-
type embryos localize at this stage to the peripheral end of the furrow, are mislocalized
towards the middle of the furrow in nebel mutants. (C, D) confocal images of wild-type
and nebel mutant embryos labeled using an antibody to $8-catenin (green), which highlights
secreted membrane at the furrow, and the DNA stain propidium iodide (red). nebel mutant
embryos lack accumulation of adhesive membrane at the furrow in spite of a normal
pattern of nuclear divisions and furrow initiation. Note that some cells in the nebel mutant
embryo protrude due to defective cell adhesion. See text for details.

to identify, and so far no mutation with this characteristic has been
reported.

As opposed to the case of strictly maternal-effect mutations, in all
cases of maternal-zygotic effects there is some degree of rescue from the
zygotic copy. For recessive maternal-effect mutations, this is noticeable
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Table 3 Genes with maternal-zygotic effects.

Gene name Process affected /molecular identity References

alk8/lost-a-fin Ventral cell determination®/Type I TGF-8 receptor 6,7

foxH]I1/fastl/ Mesendoderm induction® /Forkhead domain 12,13
schmalspur transcription factor
half-baked Epibolic movements of the inner cellular layer®/ 18

molecular identity unknown

one-eyed pinhead Mesendoderm induction®/EGF-CFC family 11
co-receptor for nodal signals

pox/lazarus Hindbrain segmentation and rhombomere 5
identity */homeodomain transcription factor

radar Ventral cell fate determination®/TGF-f8 factor of 16
the Bmp family

sizzled/ogon Control of ventral cell determination®/secreted 9,10, 103,
Frizzled-related factor involved in feedback 104
inhibition of Bmp signaling

smad5/somitabun Ventral cell determination® /intracellular factor 17,15
in TGF-f signaling

tef-3/headless Determination of anterior brain structures®/ 85
HMG box transcription factor

wntb/pipetnil Regulation of dorsal organizerd /secreted ligand 14
that activates Wnt/calcium signaling

Mutating the zygotic contribution alone, but not in the maternal contribution alone,
causes defects in the described process (class (i) in Table 1).

®Dominant effect caused by heterozygosity for both maternal and zygotic genetic
contributions.

‘MO and gtMO analysis suggests that mutation of the maternal contribution alone, but
not in the zygotic contribution, results in defects in axis formation (class (iii) in
Table 1). Genetic experiments are needed to confirm this expectation.

dMutations in both the maternal contribution alone and the zygotic contribution alone,
result in defects in the described process (class (ii) in Table 1).

when the wild-type allele is provided by the father, and is referred to
as paternal rescue. Such paternal rescue can be complete (classes (i) and
(iv) above), when the zygotic copy alone is sufficient for the full function
of the gene, or partial (classes (ii) and (iii)), when maternal product is
essential and cannot be fully substituted by zygotic product.
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Fig. 2 The gene schmalspur has both maternal and zygotic contributions. Wild-type
embryo (A) and embryos with mutant zygotic (B, s#7) and mutant maternal and zygotic
(C, MZsur) contributions. Embryos lacking zygotic su7 function have an abnormal body
curvature and lack a floor plate (FP, visible in the wild-type as a line above the notochord
(N)). Embryos lacking both maternal and zygotic function show a more severe phenotype
including an anterior truncation of the brain and a shortened axis. Photos courtesy of
Dirk Meyer.

In addition, for some mutations in the genes somitabun'>'7 and
balf-baked,' a dominant maternal-zygotic interaction has been observed
where heterozygosity for both maternal and zygotic contributions results
in an embryonic phenotype (Table 1).
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All maternal-zygotic genetic interactions identified so far correspond
to genes where mutation of the zygotic contribution alone results in
a detectable phenotype (classes (i) and (ii) above). It is possible that
there is an underlying biological basis for this bias, indicating the
possibility that for maternal-zygotic genes the zygotic contribution tends
to be more important than the maternal contribution. It is also possible,
however, that this phenomenon reflects the fact that, to date, most
mutations with maternal-zygotic interactions have been identified on
the basis of their zygotic phenotype. A more thorough analysis of other
mutations, including those identified by virtue of their maternal-effect
phenotype, will provide a better estimate of the relative importance of
maternal and zygotic contributions of maternal-zygotic genes.

1.3. Underlying Basis for Strictly Maternal
and Maternal-Zygotic Genetic Effects

All processes that occur prior to the activation of the zygotic genome
at MBT are expected to rely solely on maternal products and, therefore,
to be dependent on strictly maternal-effect genes. It is also possible,
however, that some functions that occur after zygotic gene activation
at MBT are dependent on perduring products derived from strictly
maternal effect genes (see “Bmp signaling: promotion of ventral cell
fates”, “Induction of cell fates along the anteroposterior axis” and
“Induction of the mesendodermal layer”).

In the case of maternal-zygotic genes, on the other hand, genetic
analysis reveals that both maternal and zygotic products can substitute
for each other, i.e. both maternal and zygotic contributions can provide
significant functions. However, this genetic interaction does not indicate
which product is primarily used during normal development. For
example, a maternal product may normally form part of a preformed
functional complex that is already saturated by the time zygotic product
appears in the embryo. When a female is genotypically mutant, such
a functional complex would not form, and a zygotic product could in
principle still form part of the complex and contribute, partially or
completely, to the function of the gene. However, in this case, in
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wild-type embryos the maternal product would be performing most of
the gene function. Conversely, newly made zygotic products may be
preferentially used over maternal product under some circumstances.
The function of a gene could for example depend on its interaction
with newly made products (for example, in a cellular compartment
such as the endoplasmic reticulum), so that in wild-type embryos most
of the normal function of the gene could be carried out by zygotic
product. These situations are, of course, extremes in a more likely
continuum where both maternal and zygotic products are utilized to
varying degrees. In the simplest scenario, non-complexed protein present
in the cell is utilized according to the ratio in which maternal and
zygotic products are present in the cytoplasm. Earlier stages may rely
primarily on maternally-derived products, while later stages may rely
increasingly on zygotic products. The dosage sensitivity of dominant
maternal-zygotic interactions, such as for the genes half-baked and
somitabun, is consistent with a scenario of additive maternal and zygotic
contributions.

2. Tools to Identify and
Study Maternal-Effect Genes

2.1. Forward Screens

With rare exceptions, such as in the case of strongly antimorphic

mutations, for example somitabun,'>'7

and, potentially, strong sensitivity
to gene dosage, the majority of mutations that result in high-penetrance
phenotypes act in a recessive manner. In order to create homozygous
individuals for newly induced mutations, the identification of new
recessive mutations requires several generations of inbreeding. Although
continuous genetic inbreeding is not a common practice in the
propagation of zebrafish due to weakening of the stocks and resulting
abnormal sex ratios,'® zebrafish can tolerate inbreeding to a limited
number of generations, therefore allowing the identification of recessive
maternal effect mutations. Several such mutations have been fortuitously

identified during routine maintenance of laboratory stocks (jamus,>°
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ichabod?'). A more directed approach, however, purposely aims at
producing and screening individuals that are homozygous for newly
induced mutations. This can be carried out through either a two-
generation parthenogenesis-based strategy or a three-generation
inbreeding strategy, and is described in detail elsewhere.?? Such
approaches have allowed the isolation of mutations in strictly maternal
genes required for early development (Table 2).

2.2. Testing for the Maternal Contribution of Known
Zygotic Genes

Currently, a large number of mutations in zygotic genes have been
identified in large-scale screens.?3?* These mutations pinpoint a pool
of factors essential for developmental processes, which in a number of
cases, may be provided both zygotically and maternally (Table 3). It
is also possible that some of these factors are used maternally and
zygotically in a number of apparently unrelated developmental processes
(but which may nevertheless depend on the same biological function
or pathway), as in the case of the mutation yobo. Regardless of the
specific details relating to different genes, it is clear that zygotic genes
already identified by mutational analysis, especially if they are expressed
in the ovary, represent an important pool of essential factors that may
have important maternal genetic contributions.

Testing for the maternal contribution of a gene involves creating a
female germ line that is genotypically mutant, and determining whether
there are particular phenotypes in the oftspring derived from this germ
line. Fertilization of the eggs with sperm from heterozygous males allows
observing potential maternal effects and maternal-zygotic effects (in
progeny that carry the paternally derived wild-type and mutant alleles,
respectively). Depending on the nature of the zygotic mutation, such
mutant germ lines can be created in different ways:

2.2.1. Viable or semi-viable mutations

Some zygotic mutations result in relatively weak defects that permit,
for at least a fraction of genotypically mutant individuals, development
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into fertile adult females. Mutant individuals can be identified either
due to their characteristic phenotype, which may be compensated during
development, or by genotyping, and then tested as adults for maternal
effects. This procedure has been used to obtain adult females
homozygous for mutations in the zygotic genes ogon and schmalspur
(Fig. 2), for which mutants from only the zygotic contribution result
in weak ventralization and cyclopic phenotypes respectively.®10:12:13 The
severity of these zygotic phenotypes is increased when zygotically mutant
embryos are additionally derived from a mutant germ line, indicating
a significant maternal contribution.

2.2.2. Non-viable mutations with a phenotype that can be
rescued expevimentally

Some phenotypes caused by zygotic mutations can be rescued by the
injection of maternal mRNA coding for products that provide, mimic
or bypass the normal function of the mutated gene. This can be typically
done by the injection of mRNAs coding for the same gene or a factor
within the same pathway or an interacting pathway. For example, the
dorsoventral patterning defect caused by homozygosity for mutations
in bmp2b/swirl can be rescued by injection at the one-cell stage of
mRNA coding for wild-type bmp2b/swirl or other Bmp genes.?® In
this manner, homozygous mutant individuals (identified by either
genotyping or the presence of other aspects of the phenotype) can be
grown to adulthood and tested for maternal effects.

2.2.3. Non-viable mutations using gevm line chimeras

An alternative to growing mutant individuals to adulthood is to create
chimeric individuals whose somatic tissues are wild-type, and therefore
allow normal development, but whose germ line is mutant for a
particular mutation. Such chimeras can be generated by cell
transplantation of primordial germ cells (PGCs), which is usually carried
out during the late blastula and early gastrula stages when cells can
be easily manipulated.?® However, PGCs are not morphologically
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distinguishable from somatic cells at these early stages, and current
GFP-based methodologies do not allow easily distinguishing PGCs until
later stages, so that typically a mixture of somatic and germ line cells
is transplanted into host embryos. Once such chimeric individuals
become adults, embryos derived from transplanted, mutant germ line
cells can be distinguished from sibling embryos derived from host wild-
type cells through either the use of visible genetic markers or
genotyping.527:28

Several methods have significantly improved the efficiency of the
PGC transplantation technique. Because PGCs can be identified in live
embryos at later stages (e.g. 24 hours) by virtue of their location and
morphology, it is possible to select for embryos that contain donor-
derived PGCs. Such donor-derived PGCs can be identified by a live
fluorescent cell marker present in the donor embryo, such as
fluorescently labeled dextran or a GFP product that is specifically
expressed in the PGCs.?® In addition, host embryos can be treated
with agents that inhibit proper development of their own PGCs, for
example, by the functional knockdown (see “Morpholino-mediated
functional knockdown”) of the gene nanos? or dead end,3® both of
which are required for proper PGC development. This facilitates the
expansion of PGCs derived from the donor embryo and allows obtaining
chimeric adults where most or all of the germ line has been replaced
with mutant germ line cells.??8

A lack of a maternal effect in embryos derived from chimeric
females with a mutant germ line and a wild-type soma is suggestive,
but does not conclusively rule out the possibility that the gene does
not have a maternal effect. This is because, even though most maternal
products appear to be produced by the oocyte itself and would
therefore be expected to act cell autonomously, maternal products
can also be produced by somatic tissues and acquired by the oocyte
during oogenesis.?! Thus, in such chimeras it remains a formal
possibility that the genetic function is rescued non-cell autonomously
by wild-type somatic cells. Such a possibility can be further addressed
by detailed analysis of the expression pattern of the gene in adult
females.
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2.3. Reverse Genetic Approaches

A variety of approaches have been developed in recent years that allow
testing the function of a gene of known molecular identity by reverse
genetics.

2.3.1. Movpholino-mediated functional knockdown

Morpholino (MO)-conjugated oligonucleotides complementary to regions
at or immediately upstream of the translational start site of the mRNAs
have been shown to inhibit the translation of specific mRNAs in early
embryos.3? However, because current methodologies involved the injection
of MOs at very early stages of development (typically at the one-cell stage),
and since MOs are stable and perdure in embryos for several days, MOs
affect all transcripts present in the embryo, regardless of maternal or zygotic
origin. Therefore, it a MO knockdown indicates a role for a particular
gene in development, additional experimental evidence is needed to
determine the extent of its maternal contribution. A potentially useful
variation of MOs uses an oligonucleotide complementary to the splice
donor site of the premature mRNA (gtMO) and therefore interferes with
splicing of newly transcribed (zygotic) mRNA, but not with translation
of the maternal mRNA.1®32 A phenotype by the MO that is stronger
than that caused by the gtMO can be interpreted as the result of
interference with the function of maternally provided mRNA. However,
this interpretation is based on the idea that both MOs are equally effective
at affecting their respective targets, and therefore careful experimentation
is needed to substantiate this assumption. In addition, MOs injected into
early embryos do not affect protein products already present in the fertilized
egg, and therefore their use cannot rule out the presence of maternal
functions provided by such protein factors.

2.3.2. RNA interference

Exposure to double-stranded (ds) RNA complementary to the gene
product has been widely used in other systems to knock down genes
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by a dsRNA-triggered degradation pathway.33 Zebrafish embryos injected
with dsRNA at early stages exhibit a non-specific degradation response
that affects many transcripts,3%3%
non-specific effects known to be caused by dsRNA in vertebrate
cells.3%37 However, in mammalian cells smaller dsRNA regions of less
than 30 nucleotides in length have been found to promote specific
RNA degradation without triggering non-specific responses.3:3% It is
possible that small dsRNAs will also be found to be eftfective at triggering
the specific degradation of transcripts in zebrafish embryos, which would
provide an alternative to the use of MO oligonucleotides. As in the
case of MOs, however, RNAI induced by injection of dsRNA into early
zebrafish embryos would be ineffective against gene functions that rely
on protein products already present in the egg. This limitation could
potentially be overcome by using specific hair pin transgenes expressed
in the developing oocyte, as has been successfully used in mouse
oocytes. 4041

which may be analogous to other

2.3.3. Target selected inactivation

Recently, a target-selected approach has been described that relies on
the direct identification of mutations in specific genes by high-
throughput screening at the DNA level of genomes carrying newly
induced mutations.*? This approach allows obtaining mutations in any
gene candidate in order to test for potential maternal-effects and could
in principle be used to systematically screen for maternal-effects of ovary-
specific transcripts.

3. Maternal Products during Egg Activation
and Early Embryogenesis

With few exceptions, most maternal products are produced by the oocyte
itselt during oogenesis. Many of these products, whether mRNA or
protein, are localized during oogenesis to different regions of the oocyte.
Previous articles have described the production and localization of
products in the oocyte.31#34* Here, I will review the redistribution of
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maternal products during egg activation and early embryogenesis.
Activation of the zebrafish oocyte results in the segregation of the
ooplasm away from non-membrane bound yolk and towards the animal
pole of the oocyte, resulting in the formation of the blastodisc.*5:4¢
This redistribution appears to involve the propagation of a slow calcium
wave, which triggers both the separation of ooplasm and yolk and the
movement of ooplasm along yolk-free paths (called streamers) leading
towards the blastodisc.*” Both of these processes are also dependent
on an intact actin cytoskeleton and are independent of microtubules.*3-30
However, the redistribution of at least one mRNA product towards
the animal pole has been shown to be dependent on microtubules but
independent of microfilaments,®! and the redistribution of the putative
dorsal determinant is also thought to occur along cortical microtubules®?
(see “Redistribution of dorsal determinant signal during the early
cleavage stages”). This indicates that both cytoskeletal networks have
a role in the transport of maternal products toward the blastodisc.
However, actin-based mobility may be more important for bulk
movements of the ooplasm, while microtubules appear to be involved
in the transport of specific maternal products.

3.1. Redistribution of Maternal mRNAs
during Egg Activation

Maternal transcripts present in the oocyte have been shown to localize
in four different patterns, each of which may involve different

mechanisms for redistribution.33-44

3.1.1. mRNAs evenly distributed in the mature oocyte

Upon egg activation, these mRNAs are transported to the forming
blastodisc along the axial streamers (Fig. 3, yellow). The cytoskeletal
requirements for this movement have not been systematically studied,
and it may depend on the bulk flow of the cytoplasm. However, in
one reported case for which these requirements have been determined,
squint mRNA transport is dependent on intact microtubules but
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Fig. 3 Redistribution of maternal factors present in the mature oocyte during egg
activation and early development. Upon egg activation, transcripts and other ooplasmic
components ubiquitously distributed in the mature oocyte (blue) become redistributed
to the forming blastodisc along axial streamers and accumulate in the blastodisc (green).
Transcripts and other factors already localized at the animal pole of the mature oocyte
(yellow) remain in the animal pole region and also become distributed at the forming
blastodisc (green). Other transcripts localized during oogenesis, such as the vegetally
localized daz and bruno-like mRNAs and the cortically localized vasa mRNA also
redistribute towards the animal pole (not shown, see text for details). During egg
activation, the putative dorsal signal moves towards the forming blastodisc along the cortex
at one side of the embryo (grey arrowheads), and becomes present in dorsal cells and
the dorsal YSL, thus specifying the dorsal side of the embryo. Starting at the 16-cell stage,
the inner blastomeres begin to be completely enclosed by a membrane. However, the
marginal blastomeres maintain their connection to the yolk cell. At the 1000-cell stage,
membranes of the marginal blastomeres regress and the nuclei in the resulting layer
continues to divide to form the yolk syncytial layer (YSL). The YSL can inherit maternal
factors derived from either the yolk cell itself or the marginal blastomeres, and in turn
influence cell fate in the overlying cells of the blastoderm.

surprisingly independent of the microfilament network.?! It remains to
be tested whether this is a generalized phenomenon for most mRNAs
in this class.

3.1.2. mRNAs localized to the animal pole of the oocyte during
0ogenesis

Even before egg activation and ooplasmic streaming, the animal pole
region of the oocyte is relatively devoid of yolk and is enriched in a
subclass of mRNAs (Fig. 3, blue).
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During oogenesis, tight anchoring of the zo7ba mRNA to the animal
cortex appears dependent on an intact actin network.>* It is unclear
whether there are requirements for anchoring of these transcripts during
egg activation. However, it is likely that the directed movement of
cytoplasm towards the animal pole and the compaction of the yolk
would impose additional restrains on the potential diffusion of these
products toward more vegetal regions.

3.1.3. mRNAs localized to the vegetal pole of the oocyte

Several mRNAs, such as deleted in azoospermin (daz) and bruno-like,
have been found to be localized to the vegetal pole of the oocyte.>%:56
Upon egg activation, these mRNAs move towards the animal pole.
These mRNAs have been observed to be present in the axial streamers
in the activated egg, although it is has not been reported whether
this transport is dependent on the microfilament or the microtubule
network.

3.1.4. The mRNA for the gene vasa

The vasa mRNA, a component of the zebrafish germ plasm, is
localized during oogenesis to the cortical region of the oocyte.>3>7,58
Upon transport, the vasa mRNA becomes localized transiently to the
base of the blastodisc, also called the cytokinetic ring.’” As opposed
to the case of daz and bruno-like, vasa mRNA is not observed in
axial streamers in the activated egg. It is therefore possible that yasa
mRNA is transported to the cytokinetic ring along the plane of the
cortex, although this remains to be demonstrated. This segregation
pattern has only been reported for the vasa mRNA, and it is unclear
whether it is used by other mRNAs or whether it is characteristic of
other components of the germ plasm. During the first cleavage
divisions the »vasa mRNA, together with other germ plasm
components, will become localized to the forming furrows (see
“Redistribution of components of the germ plasm during the early
cleavage stages”).
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3.2. Redistribution of Components of the Germ Plasm
during the Early Cleavage Stages

The maternal mRNAs for three genes have been shown to segregate
together with the zebrafish germ plasm: vasa, nanos and dead end,
which encode, respectively, a DEAD box protein with homology to
RNA helicases, a RNA binding zinc finger protein and a novel putative
RNA binding protein.2?-30,59

The pattern of localization of pasz has been the most closely
studied®” %0 (see also a prior review**). During the first and second
cleavage divisions, the vasa mRNA moves from its transient location
at the cytokinetic ring (see “The mRNA for the gene vasa”) towards
the forming cleavage furrows. This appears to involve two steps. The
first occurs during the initiation of cleavage and consists of the
recruitment of vasa mRNA as an elongated, rod-like structure along
the furrow at a position immediately underneath the plasma membrane.
The second step occurs during furrow maturation and consists of
the aggregation of this rod-like structure into a compact mass at the
peripheral ends of the furrow. During this aggregation process, the
vasa-containing aggregate is in close association with the distal ends
of the tubules of the furrow microtubule array (FMA).53:90 This structure
consists of an array of microtubules parallel to each other and
perpendicular to the furrow that forms during furrow maturation and,
like the wasa mRNA, accumulates at the peripheral ends of the
6061 (Fig. 1A). A mutation in the gene nebel, which specifically
affects FMA formation, as well as exposure to microtubule inhibiting
drugs during furrow maturation, results in defects in the directed
movement of this aggregate towards the periphery®® (Fig. 1B),
confirming that the peripheral movement is dependent on microtubule

furrow

function.

Ultrastructural analysis has shown that, at least from this stage on,
the vasa mRNA is part of an electron-dense structure analogous to
germ plasm material,>® which is typically found in association with other
subcellular structures such as fibrils and mitochondria and which contain
specific mRNA and protein products.®> The mRNAs for the genes
nanos®® and dead end® also become localized to the cleavage furrows
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in a pattern very similar to that of the vasa mRNA, although it is
unclear whether the segregation patterns of nanos and dead end mRNAs
during oogenesis and egg activation are the same as that of the vasa
mRNA. It seems clear, however, that by the time the early cleavage
furrows form the vasa, nanos and dead end mRNAs have become part
of a multicomponent germ plasm structure. The analysis of MO-
knockdowns for both nanos and dead end shows that these genes are
required for PGC migration during gastrulation, although it is unclear
whether this function corresponds to maternal or zygotic transcripts.?%-30
However, there is no experimental evidence suggesting that vasa, nanos
or dead end are involved in the initial specification of PGCs.

The four germ plasm aggregates remain in a peripheral position
until the 32-cell stage, when they ingress into four cells and remain
subcellularly localized.5”~>® This localization appears to occur at or near
one of the spindle poles, and during cell division the aggregates
segregate asymmetrically so that only one of the daughter cells receives
the aggregate.’”-58 This fascinating segregation program ceases at the
sphere stage (cell cycles 12—-13), when these mRNAs become evenly
distributed in the cytoplasm of the PGCs and are evenly distributed
during cell division. This transition coincides with the midblastula
transition and the initiation of zygotic gene transcription, and in the
case of pasa, transcriptional activation of the vasa gene itself.>®
Surprisingly, this transition appears to be independent of both the
nuclear-cytoplasmic ratio and transcriptional initiation,®® suggesting that
it relies on other, insofar unknown, cellular counting mechanisms that
are likely driven by maternal products.

Vasa protein is localized in perinuclear patches during oogenesis.
However, even though the Vasa protein originally present during
oogenesis remains ubiquitously distributed in the mature egg, Vasa
protein does not localize to the aggregating germ plasm at the furrows
of the 2- and 4-cell embryo.?® Thus, it is unclear what function, if any,
this maternally derived product has in germ plasm formation. At the
midblastula transition, coincident with the loss of asymmetric vasa
mRNA segregation, Vasa protein begins to accumulate in PGCs, again
in perinuclear patches. Colabeling studies have shown that at these late

58,63
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blastula stages these perinuclear structures also contain Nanos and Dead
end proteins,??30 suggesting that these proteins form part of a
subcellular structure important for PGC development. Observations in
embryos where DNA replication has been inhibited suggest that
although the majority of Vasa protein observed in PGCs is derived
from zygotic transcripts, a fraction of the protein is likely produced by
translation of the maternal pasa mRNA remaining in the PGCs.>8 It
will be interesting to determine the precise function of protein derived
from maternally derived, germ plasm-specific mRNAs.

The vasa, nanos and dead end mRNAs and their corresponding
products are regulated at multiple levels other than mRNA localization,
including mRNA stability,2-30:63 mRNA translatability??-3% and protein
stability.®3 These precise, multiple regulatory programs suggest an
important role for maternally-derived germ plasm products for the early
specification of the germ line.

3.3. Redistribution of Dorsal Determinant Signal during
the Early Cleavage Stages

Removal by ligation of the vegetal most region of the yolk cell during
the early cell cycles results in defects in axis formation,®4:6°
the presence of a putative dorsal signal at this location in the mature
egg. If, however, the procedure is carried out at later cell cycles (e.g.
at the 8-cell stage in zebrafish embryos), axis formation is not affected,
an observation that is consistent with the migration of the putative
dorsal signal towards the animal pole during the early cell cycles.
Moreover, transplantation of the yolk cell at the midblastula stage onto
a host blastula is able to induce the localized ectopic expression of
dorsal specific genes.%¢ This ability is lost if the embryos from which
the yolk cells are derived had undergone early removal of the vegetal
yolk.%* Together, this data indicate that a dorsal-inducing signal is
originally present at the vegetal pole of the mature oocyte and, upon
egg activation, migrates toward the animal pole in a localized region
under the blastoderm which will become the dorsal axis (Fig. 3, grey
arrowheads).

suggesting
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The inferred movement of the putative dorsal signal appears to be
mimicked by the movement of fluorescent beads injected at the vegetal
pole of activated eggs.>?> Such beads can be observed to move towards
the animal pole along a localized path on the cortex, presumably the
future dorsal side of the embryo. This movement is dependent on
microtubule function, and indeed a cortical array of microtubules
becomes aligned in the direction of the movement at one side of the
early embryo. Moreover, induction of the dorsal axis is sensitive to
defects in microtubule function during the early cell cycles. Thus, the
movement of the putative dorsal signal from the vegetal pole towards
the forming blastoderm in the animal region likely occurs along
microtubules. Recently, functional manipulation of the actin filament
severing factor Gelsolin, which is provided maternally in the embryo,
has suggested a role for the actin network in dorsal axis induction.%”
It will be interesting to test whether this network is needed during
these early stages, for example to anchor the putative signal at the
cortex, or for steps further downstream in the signaling pathways
involved in dorsal induction.

3.4. The Yolk Cell and Maternal Determinants

The anatomy of the zebrafish egg, in particular with respect to
accessibility to the yolk cell, has important implications for the availability
of maternal determinants to the cells of the developing blastoderm
(Fig. 3; see Kimmel ez 2198 for a detailed description of the anatomical
features of the early embryo). Blastoderm cells are initially connected
to the yolk at their base, which lacks a membrane boundary. Such a
direct connection begins to be lost at the 16-cell stage, when the
innermost four cells of the 4 X 4 cell arrangement become completely
surrounded by membrane. However, cells at the margin continue to
be connected to the yolk cell through cytoplasmic bridges. At the tenth
mitosis, the membranes that partially surround the marginal cells begin
to regress, and nuclear division proceeds in the absence of cytokinesis.
This results in the formation of an acellular nuclear layer, or yolk
syncytial layer (YSL) directly underlying the blastoderm. Because of its
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origin, the YSL can inherit maternal determinants either from the
marginal blastomeres, after membrane regression, or directly from the
underlying yolk, and these determinants can in principle in turn influence
the fates of cells in the overlying blastoderm. Indeed, the YSL has been
shown to have a number of inducing activities, such as dorsal axis

65,69 mesendoderm induction©5-06,70,71

induction, and possibly the
induction of an anterior neural pattern organizer.”? Consistent with these
activities, expression of zygotic genes in the YSL appears to be patterned
into sub-domains. For example, some genes such as bozozok’37° and
squint’® (see “Integration of pathways regulating dorsoventral
patterning”) are expressed in the dorsal YSL margin. On the other hand,
the gene hex, which is potentially involved in anterior development, is

expressed in the YSL in a dorsal region extending to the animal pole.””

4. Maternal Genes with a Function in Early
Development

Previous and ongoing?? (Pelegri, F, Dekens, M, Schulte-Merker, S,
Niisslein—Volhard, C, unpublished; M. Mullins, personal communication)
screens for maternal effects, as well as molecular genetic analysis coupled
to reverse genetic methods, are identifying a large number of maternal
genes with a role in early zebrafish development. Here, I will summarize
the reported analysis of a subset of these factors.

4.1. General Functions

A number of mutations have been identified that affect early cellular
functions. A recessive maternal-effect mutation in the gene futile cycle
(fue) causes defects in nuclear fusion during fertilization, so that the
two pronuclei remain unfused in the blastodisc.”® Although DNA
replication continues within the pronuclei, the normal cellular division
cycles do not occur, resulting in embryos where most cells are devoid
of DNA. Surprisingly, however, such embryos can undergo a relatively
normal cellular cleavage pattern. Thus, aside from an intrinsic role of
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fue in nuclear fusion, this mutation reveals the presence of a precise
cellular division program that functions independently of DNA
segregation.

A recessive mutation in the gene janus results in a strictly maternal
effect where blastoderm cells separate during the first three cellular
divisions.?? A recessive mutation in the gene nebel also results in defects
in cells with defects in cell adhesion.®® However, the function of janus
may be more specific to the early cleavage divisions than that of nebel,
since jamwus mutant embryos can continue to develop into relatively
well-formed embryos, albeit with duplicated axes caused by the initial
presence of split blastoderms. On the other hand, nebel mutant embryos
result in either large syncytial masses or, in cases of reduced expressivity
when the embryos survive the early cleavage stages, gastrulac undergoing
cell death but without axis duplication. In the case of nebel, the cell
adhesion defect is caused by the defective formation of the microtubule-
based FMA at the forming furrow, which appears to be required for
localized exocytosis at the furrow of vesicles containing adhesive
membrane. As mentioned in “Redistribution of components of the germ
plasm during the early cleavage stages”, the FMA is also required for
the peripheral movement of the aggregating germ plasm along the
furrow, which results in defects in germ plasm segregation in nebel
mutant embryos. Consistent with a role for mebel/ in microtubule
reorganization, the nebel phenotype is cold-sensitive. However, the fact
that even nebel mutant embryos raised at permissive temperatures and
with apparently normal cell divisions show extensive cell death after
gastrulation suggests that maternally derived nebel products are also
essential at later stages of development.

Other maternal mutations affect general functions important for
morphogenesis and gastrulation. The gene yobo, which was originally
identified by a recessive viable zygotic phenotype consisting in reduced
xanthophore pigmentation, also shows a recessive strictly maternal
effect.”? Embryos from yobo homozygous females have shortened and
broadened dorsal axes, a phenotype which may be the result of defects
in convergence extension movements that form the dorsal axis. Another
gene important for gastrulating movements is balf-baked (hab).'® This
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gene was identified primarily by virtue of its recessive zygotic phenotype
where the internal (deep) cells of the blastoderm, but not the nuclear
layer of the YSL or the outermost (enveloping) cellular layer, fail to
undergo epibolic movements towards the vegetal pole. Heterozygous
embryos from females heterozygous for hab mutations exhibit a
dominant maternal-zygotic interaction that also results in the slowing
down of the epibolic movements, indicating that the maternal Hab
product is also involved in these movements.

4.2. Induction of Cell Fates along the Dorsoventral Axis

The establishment of dorsoventral patterning in the zebrafish embryo
depends on three distinct but interacting pathways that are initiated by
maternal factors: Wnt/f8-catenin, Wnt/calcium and BMP signaling. A
more detailed description of these pathways has been provided
elsewhere.** Here, 1 will emphasize the components of these pathways
that have been shown to have a maternal contribution.

4.2.1. Local activation of Wnt/[S-catenin signaling: induction
of the dorsal organizer

Translocation of the putative dorsal signal is thought to lead to the
activation of the Wnt/fi-catenin signaling pathway in the blastomeres
and YSL at the dorsal side of the embryo. However, the molecular
details of this activation remain to be determined. Canonical Wnt
signaling in turn leads to the stabilization and nuclear accumulation of
R-catenin (fcat) protein in cells in this dorsal region.8® A recessive
maternal-effect mutation in the gene ichabod results in axis deficiencies
similar to those caused by the early removal of the putative dorsal
signal.2! Embryos from ichabod mutant females lack fcat accumulation
in dorsal nuclei, further implicating f3cat nuclear accumulation in axis
induction. Interestingly, the mutant zchabod phenotype cannot be rescued
by the injection of mRNAs coding for products expected to activate
Wnt/ficat signaling upstream of fcat, including products that should
stabilize ficat protein. These results suggest that ichabod functions in



26 Pelegri F

an unknown step independent of fcat protein stabilization, possibly in
promoting its nuclear localization.

fcat protein is thought to interact with transcription factors of the
Tct/Lef tamily and result in the activation of dorsal-specific target genes.
In Xenopus, ficat appears to act by releasing the repression of Tct-3
on dorsal genes, thus allowing their expression in dorsal cells.81-82
It is unclear whether the same mechanism occurs in zebrafish, although
a dominant negative Tcf construct inhibits dorsal gene expression.®3
There are at least three maternally-expressed factors of this family:
tef-3 (also called headless;33-85 tcf3-b,3% and lef-13%). However,
functional analyses with MO-mediated knockdown of these genes®6:87
and, in the case of tcf-3/hdl, genetic loss of function,® do not result
in major defects in axis formation. Further research will be needed to
determine the precise roles of Tcf/Lef factors and ficat in dorsal
induction.

4.2.2. Wat/ealcium signaling: downvegulation of the dovsal ovganizer

During the blastula stages, precisely when the dorsal axis is being
specified, aperiodic calcium fluxes occur distributed in an apparently
random manner in the blastula.8% These calcium fluxes appear to be
part of a Wnt signaling pathway, different from the Wnt/fcat pathway.
This non-canonical Wnt signaling pathway relies on the activation of
G-proteins and phospholipase C and the production of the second
messenger inositol 1,4,5-trisphosphate (IP3), which in turn binds to
receptors in the endoplasmic reticulum and promotes the release of
calcium to the cytoplasm.8? Wnt/calcium signaling appears to be
important to regulate the activity of the dorsal activity conferred by
the Wnt/fcat pathway. This is suggested by a number of observations.
Expression of Wnt ligands of a different subclass, such as Wnt5, both
increases the frequency of calcium fluxes and inhibits the axis-inducing
effect of other Wnt ligands.'#99°1 This suppressive effect on Wnt/fcat
signaling can be mimicked by artificially increasing intracellular calcium
levels.®! Moreover, both the removal of Wnt5 maternal and zygotic
function, and the inhibition of Wnt/calcium signaling, result in the
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ectopic accumulation of nuclear ficat protein and ectopic expression of
dorsal gene expression.'*?2 Thus, calcium released from the endoplasmic
reticulum appears to antagonize Wnt/ficat signaling at a level upstream
of fcat nuclear accumulation.

4.2.3. Bmp signaling: promotion of ventral cell fates

A ventral to dorsal gradient of activity of zygotic Bmp genes,
themselves members of the TGE-8 family of extracellular factors, has
been shown to be instrumental for the determination of the embryonic
dorsal axis in vertebrates,”® including the zebrafish.%*
bmp2b/swirl and bmp7/snailhouse (snh) are expressed in the ventral

region of the gastrula and are required in a dosage sensitive manner
25,95-97

For example,

for the determination of ventral cell fates. Recent studies have
shown that the expression of these zygotic Bmp genes depends on
specific maternal factors. The expression of bmp2b/swirl, but not that
of bmp7/snh, is dependent on the presence of the maternal product
of the gene radar, which encodes another member of the Bmp
subfamily and whose mRNA is uniformly distributed in the early
embryo.1%?8 Reception of the Radar ligand may be carried out by
the Alk8/Lost-a-fin (Laf) TGF-8 type I receptor, which has both
maternal and zygotic genetic contributions®” and appears to interact
functionally with Radar.!® While for bmp2b/swirl, but not bmp7/snb,
expression is dependent on radar and Alk8/Lat signaling; genetic
experiments suggest that the expression of bmp7/snh, but not that of
bmp2b/swirl, depends on the maternal function of the intracellular
TGF- signaling factor Smad5 /Somitabun.'® Thus, zygotic Bmp genes
may be activated by independent, possibly converging TGF-{} activated
pathways. Interestingly, genetic experiments suggest that maternal
Alk8/Lat and Smad5,/Sbn products perdure in the embryo and may
also be required at a later stage for the reception and transduction
of the zygotically produced Bmp2b/Swirl and Bmp7/Snh
ligands.6’7’99’100

The product of the gene ogon (also known as mercedes and short
tail), a zygotic gene required for the development of dorsal cell
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8,101,102 3150 has a maternal functional contribution.”!? Recently,

fates,
ogon has been shown to encode Sizzled, a secreted factor with homology
to the Wnt receptor.19104 Tn spite of its molecular similarity to a
regulator of Wnt signaling, zebrafish Sizzled/Ogon does not appear
to regulate this signaling pathway, but is instead involved in a negative
regulatory feedback loop that attenuates zygotic Bmp signaling in ventral

regions.10-103,104

4.2.4. Integration of pathways rvegulating dovsoventral patterning

The Wnt/fcat, Wnt/calcium and Bmp signaling pathways interact to
produce the final dorsoventral patterning. During the early cellular
cleavages, the putative dorsal determinant redistributes towards the dorsal
side of the blastodisc and will eventually induce localized Wnt/f3cat
signaling in the dorsal side of the embryo. At the same time, other
maternal factors, including products from the wnt5, radar, alk8/Iaf,
smad5/sbn and sizzled/ogon genes, redistribute so that they are evenly
distributed in the blastodisc and its descendant blastodermal cells.
Activation of Wnt/f8cat signaling results in the dorsal expression of
zygotic genes such as the transcription factor bozozok (boz), the Bmp
antagonist chordin, the Wnt antagonist dkkl, and the TGF-§ factor
squint (reviewed by Schier!®®). Concurrently, calcium fluxes triggered
by Wnt/calcium signaling may provide a ubiquitous negative regulatory
input that could serve to sharpen the boundary of Wnt/ficat signaling
activity (see Meinhardt and Gierer!% for a theoretical description of
such a regulatory interaction). Although ubiquitous Radar protein
would, in principle, promote the activation of zygotic Bmp genes
throughout the embryo, expression of dorsal-specific genes acts to
exclude zygotic Bmp activity from dorsal regions. Specifically,
transcription of the smp2b gene has been shown to be directly
downregulated in the dorsal region by the Boz protein.!?” In addition,
downregulation at the posttranscriptional level by Bmp antagonists such
as Ogon and Chordin, continue to stabilize and refine the dorsoventral
pattern initiated by maternal factors (see Schier!?® for a review on zygotic
interactions that pattern the dorsoventral axis).
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4.3. Induction of Cell Fates along the Anteroposterior Axis

It is not yet clear how important maternal factors are for the induction
of embryonic centers involved in the organization of the anteroposterior
axis of the embryo. An anteriorizing activity has been shown to emanate
from the first row of cells of the neural plate,”? and possibly this activity
could in turn be induced by a maternal signal present in the underlying
yolk cell. Similarly, a posteriorizing activity has been shown to be present
in either the marginal cells or the yolk cell near the margin of the
epiblast.108:19% As described in “The yolk cell and maternal determinants”,
the yolk cell and the YSL can in principle inherit maternal factors and
present them to the overlying blastoderm in order to produce localized
gene expression patterns. The identity of such maternal factors, if any,
awaits further research.

Genetic analysis has begun to show, however, that some zygotically-
expressed genes involved in anteroposterior patterning also have a
significant maternal contribution. Thus maternal Hdl/Tcf3 product is
essential for the development of anterior structures, apparently by acting
in anterior brain regions as a repressor of genes that promote the
formation of posterior brain regions.8> In addition, maternal Lazarus/
Pbx4 product is important in hindbrain segmentation and rhombomere
identity.®> Because the function of these gene products occurs during
gastrulation, well after MBT, they provide clear examples of
developmental control by perduring maternal products even after zygotic
gene activation.

4.4. Induction of the Mesendodermal Layer

Genetic analysis has shown that two zygotic genes with a role in
mesendoderm induction also have a significant maternal contribution.
One of these genes, one-eved pinhead (oep), codes for an EGF-CFC
family co-receptor for nodal-related extracellular signals. Embryos mutant
for both maternal and zygotic oep have severe defects in mesendoderm
induction.!! Another gene with a maternal contribution important for
mesendoderm induction is schmalspur (sur), which encodes the forkhead
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domain transcription factor FoxH]1 /Fastl, a downstream component
of nodal signaling!?13 (Fig. 2). The mesendodermal defects in foxH1/
fastl/sur maternal-zygotic mutant embryos, however, are significantly
less severe than those observed in oep maternal-zygotic mutants, which
may indicate that foxHI1/fastl/sur is only one of several intracellular
targets of nodal signaling.

Both oep and sur have been shown to mediate the response to the
nodal-related extracellular factors, Squint and Cyclops, which act
redundantly to induce the mesendoderm. The squint and cyclops genes,
however, are strictly zygotic, which provides another example of maternal
products acting after MBT and downstream of zygotic gene products.

It is currently unknown what signals trigger squint and cyclops zygotic
expression. In Xenopus, nodal-related genes involved in mesendoderm
induction are themselves activated by the maternal factor VegT, whose
mRNA is localized to the vegetal egg cortex (reviewed by Whitman!1?)
The zebrafish vegT homologue, however, is not expressed before the
activation of squint and cyclops transcription,'!! indicating that the
maternal control of mesendoderm induction is different in these two
organisms. Further research will be required to understand the initiation
of mesendoderm induction in the zebrafish embryo.

5. Determination of the Maternal-Zygotic Transition

The transition from maternal to zygotic developmental control that
occurs at MBT is of basic importance to the developing organism.
Embryological procedures such as manipulation of ploidy and partial
enucleation show that, as in other organisms, changes associated with
MBT in zebrafish, such as the onset of cell cycle lengthening, are
dependent on the nucleocytoplasmic ratio and not on the absolute cell
division number.? Injection of foreign DNA into early embryos also
results in a premature increase in the cell cycle length,* again suggesting
a role for the nucleocytoplasmic ratio on MBT. Premature cell cycle
lengthening in DNA-injected embryos is abolished by coinjection of
the transcriptional inhibitory drug actinomycin D, which suggests that
these effects are mediated by newly transcribed zygotic products. Thus,
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although this has not been directly proven, it seems likely that the
nucleoplasmic ratio acts by controlling zygotic transcription, and that
newly transcribed gene products in turn result in cell cycle lengthening
and other changes associated with MBT.

Lengthening of the cell cycle at MBT reflects an increase in the
duration of the interphase period, while the duration of mitosis itself
remains constant.® The increase in interphase length is itself caused
by the appearance of Gl phase and the lengthening of S-phase.*
Interestingly, the induction of G1 depends on the nucleocytoplasmic
ratio and zygotic transcription, but the lengthening of S-phase does
not appear to depend on these variables. The latter effect is reminiscent
of the cessation of asymmetric germ plasm segregation that roughly
coincides with MBT, but which is also independent of the
nucleocytoplasmic ratio and new transcription®® (see “Redistribution of
components of the germ plasm during the early cleavage stages”). Thus,
the embryo appears to possess several types of cell-counting mechanisms
that result in the various changes associated with MBT.

The cellular changes that begin at cell cycle 10 appear to occur
gradually. For example, newly synthesized transcript production at cycle
10 is less than 10% of the level of transcription at cycle 13.3 Similarly,
at cycle 10 the increase in the cell cycle length is only 10% and gradually
becomes more pronounced so that by cycle 13 it has increased more
than three-fold. Moreover, only a fraction of the cells appear to add
G1 to their cell cycle in cell cycle 10, while the remaining cells will
add it in subsequent cell cycles.* The end of the maternal to zygotic
transition at MBT appears to occur in late cycle 13. This is suggested
by the observation that in embryos that have been treated with a
transcriptional inhibitor drug, and thus contain only maternal control
factors, the first appearance of cell cycle abnormalities occurs in cycle
14.112 Thus, the changes associated with MBT appear to occur gradually
throughout a window of about two hours, starting at cell cycle 10 and
ending at late cycle 13.

It is also interesting to note that, at least in Xenopus, there are
instances of zygotic genes that are expressed prior to the bulk activation
of gene transcription at MBT. For example, ficat/Tct-dependent
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transcription of the Xenopus nodal genes Xnr5 and Xnr6 occurs as
early as the 256-cell stage, four cell cycles before the activation of
transcription of the bulk of the genome.'!? It will be interesting to
test whether pre-MBT gene activation also occurs in the zebrafish
embryo, especially for genes involved in early patterning decisions such
the induction of the dorsal axis.

6. Conclusions

Maternal factors are essential to carry out developmental processes
required for early development prior to the activation of zygotic
transcription at the midblastula transition. Even after this transition
occurs, maternal factors can act, sometimes in concert with or even
downstream of zygotic factors, to carry out essential developmental
functions. Much progress has occurred in the identification of zebrafish
maternal factors and the initial characterization of their role in early
development. However, our understanding of the processes involved
remains at the present patchy and sporadic. Even in the development
of the dorsoventral axis, which is arguably the best understood early
patterning process in the zebrafish embryo, the nature of the signal
that activates the Wnt/ficat pathway is poorly understood, as are the
precise interactions between pathways involved in dorsoventral
patterning. Similar gaps in knowledge exist in other patterning processes
addressed in this review, such as the determination of the anteroposterior
axis and the induction of the mesendoderm. In the case of germ cell
determination, although several maternal RNAs, from the genes vasa,
nanos and dead end, are known to localize to the zebrafish germ plasm,
it is still unclear what role the maternal contribution of these or other
genes have in primordial germ cell specification. Thus, much remains
to be discovered in this important field of research. The ongoing
identification of maternal-effect mutations as well as the implementation
of reverse genetic methods to analyze the function of maternal products
promises to rapidly expand our knowledge of the role of maternal factors
in early zebrafish development.
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Chapter 2

Gastrulation in Zebrafish

Florian Ulrich and Carl-Philipp Heisenberg

Max-Planck-Institute of Molecular Cell Biology and Genetics
Dresden, Germany

Introduction

Gastrulation is a central process in early development in which a
seemingly unstructured blastula rearranges to form an embryo with a
distinct head-to-tail, left-to-right and bottom-up morphology. During
this process, the three germ layers — ectoderm, mesoderm and
endoderm — are formed and progenitor cells are brought into the
positions from where they later will form more complex tissues and
organs! (Fig. 1).

The underlying principles of gastrulation movements are well-
conserved among vertebrates and have been most extensively studied
in Xenopus laevis and zebrafish. Here, the initially spherical embryo
achieves its structure with distinct anterior-posterior and dorsal-ventral
polarities by the complex interplay of four main types of cell movements
and tissue rearrangements: epiboly, by which a multicellular blastoderm
cap thins and spreads out to cover the entire yolk cell (Fig. 1A, D);
continuous internalization of mesendodermal cell progenitors at the
margin of the spreading blastoderm (Fig. 1B, E); and convergence of
embryonic cells towards the emerging dorsal axis and extension, by
which this axis lengthens along its anterior-posterior extent (Fig. 1C, F).
These types of movements are closely linked to one another and
cooperatively they shape the early embryo.?™

The zebrafish has become increasingly popular as a model organism
to study the cellular and molecular mechanisms that underlie vertebrate
gastrulation movements. Zebrafish embryos are fertilized ex utero and
undergo rapid embryonic development. Their accessibility from the
carliest stages of development together with their optical clarity makes
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Fig. 1 Cell rearrangements during zebrafish gastrulation. (A—C) DIC images of wild-type embryos at 30% epiboly (A), 60% epiboly or shield stage (B)
and bud stage (C). Lateral views with animal to the top and dorsal (B, C) to the right. Scale bar = 250 pm. (D-F) Drawings illustrating the principles
of the tissue rearrangements at the stages depicted in (A-C). The orientations in (A—C) and (D-F) are the same. (D) Epiboly. The tissue flattens and
spreads outwards, away from the center. (E) Mesendodermal progenitor cell internalization. The tissue leaves its original plane and folds into a direction
perpendicular to the original plane. (F) Convergent extension. The tissue narrows mediolaterally (convergence) and lengthens into the perpendicular
direction (extension). (G-I) Schematic views of the main cellular rearrangements at the stages depicted in (A-C). (G) Radial intercalations flatten the
blastodermal cells flatten the tissue during epiboly and push cells towards the side. (H) Internalization. Hypoblast cells move towards the animal pole in
a direction opposite to that of the overlying epiblast, EVL and forerunner cells. (I) Convergent extension. Mediolateral intercalations of cells lead to the
extension of the tissue in anterior-posterior direction. The orientations in (A-B) and (G-H) are the same; (I) shows a dorsal view on the cells instead of
a lateral view in (C). In (G-I), black dots indicate the cell nuclei. YSL = yolk syncytial layer. Reprinted from Kimmel ez #/.! and Keller ez al#
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them ideally suited for an iz pivo analysis of morphogenetic processes
during early development. Moreover, their short generation time, high
oftspring number and ease of handling have allowed the accomplishment
of several large-scale forward genetics screens that uncovered a large
number of genes involved in various developmental processes.>™
Combined with more recent advances towards “reverse” genetics
techniques,!%12 all of these approaches have led to the identification
of many signaling pathways essential for vertebrate embryonic
development.

In this review, we will first concentrate on the current status of
knowledge about the cellular mechanisms that drive gastrulation
movements in zebrafish. We will then focus on the molecular
mechanisms that are thought to underlie these processes. Finally, we
will try to outline the development of new experimental tools and future
approaches that aim to uncover the interplay between the genetic,
cellular and molecular mechanisms regulating gastrulation movements.

I. Cellular Mechanisms
Epiboly

Shortly after fertilization of the oocyte, cytoplasm separates from the
yolk by an outward streaming, the so-called “lifting”, thereby generating
the first blastodermal cell. This is followed by rapid and highly
synchronous cell divisions with an average cell cycle length of
15 minutes, eventually leading to a multicellular blastoderm cap on top
of a large yolk cell (meroblastic or discoidal cleavage; for reference see
Kimmel et all). At this stage, the embryo can be subdivided into three
distinct domains. One domain is the yolk cell, a syncytium of multiple
nuclei positioned on the interface between yolk sac and blastoderm (yolk
syncytial layer, YSL). The nuclei of the YSL arise during early cleavage
stages by the fusion of marginal blastomeres with the underlying yolk
cell, and divide rapidly thereafter. The second domain consists of the
rounded and loosely associated deep layer blastomeres (DEL), which
eventually will form the embryo proper. The third domain is a thin layer
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of extraembryonic cells, the enveloping layer (EVL), which covers the
DEL and will later form the embryonic periderm.

Epiboly (Greek: epiballein, to throw onto something) describes a
process by which a tissue flattens medially and spreads out in lateral
directions (Fig. 1D). During gastrulation, this is recognizable by a
thinning of the blastoderm cap, accompanied by extensive movements
of the EVL, the DEL blastomeres and the nuclei of the YSL from
animal or equatorial regions towards the vegetal pole. At the end of
gastrulation, the yolk cell is entirely covered by the blastoderm and
EVL? (Fig. 1C).

Epiboly is driven by distinct cellular rearrangements such as cell
intercalations and active cell movements. The first sign of epiboly is
that the DEL cells become more loosely associated with each other,
round up, exert bleb-like protrusions and exhibit an increased motility.
Subsequently, cells deep in the blastoderm intercalate radially into more
superficial layers, a movement that pushes epiblast cells towards the
vegetal pole. It is thought that these cell rearrangements provide the
driving force for the epibolic movements of DEL blastomeres
(Fig. 1G). Radial intercalations are most pronounced at the onset of
gastrulation when the blastoderm cap thins out and attains a cup-shaped
appearance. The thinning of the blastoderm continues relatively
uniformly during early epiboly until it reaches a thickness of
approximately two to three cells prior to involution®!213 (Fig. 1B).
Parallel to the DEL blastomeres, the EVL also thins out, eventually
covering the embryo as a tight and squamous epithelium. Interestingly,
while labeling of single blastomeres with vital dyes revealed extensive
cell intercalations within the DEL, these cells never mix with cells of
the EVL and vice versa, suggesting that radial intercalation movements
are restricted to the cells within one tissue.? In addition to the radial
cell intercalations, DEL cells at the blastoderm margin extend
pseudopodial and filopodial processes towards the yolk cell, with cells
at the very margin of the germ ring showing characteristic bleb-like
protrusions towards the yolk sac surface. These observations suggest
that epibolic movements of DEL blastomeres are not just the result
of radial intercalations at the animal pole that push cells passively towards
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the vegetal pole, but that marginal blastodermal cells also actively pull
the blastoderm over the yolk cell during epiboly (Ulrich F and
Heisenberg C-P, unpublished).

There is increasing evidence that the yolk cell itself plays a pivotal
role in directing epibolic movements. Most prominently, nuclei of the
YSL exhibit epibolic movements similar to the movements of overlying
blastodermal cells, suggesting that the movements of these two domains
are regulated in a similar way.!* A tight coordination of the movements
between the blastodermal cells and the YSL nuclei appears to be of
particular importance, considering that the YSL serves as a source for
mesoderm-inducing signals.'>17 The mechanisms by which the YSL
nuclei move during gastrulation are not well-understood. YSL nuclei
appear to be connected to a complex microtubule network inside the
yolk cell. Furthermore, it has been suggested that the nuclei are pulled
over the yolk cell towards the vegetal pole by a microtubule-dependent
mechanism.!31? It has also been proposed that the epibolic movements
of the YSL reflect mitotic movements of the YSL nuclei, which divide
several times during the course of gastrulation.!3

In addition to the movement of the YSL, a contractile force around
the margin of the germ ring has been suggested to drive epiboly at
later stages of gastrulation. This contractile force could be either
mediated by an actin-rich cytoskeletal network forming around a subset
of YSL nuclei at the blastoderm margin or, alternatively, by EVL cells
close to the blastoderm margin forming an actin-rich ‘purse string’ at
their vegetally oriented sides around the circumference of the germ
ring.!31%20 However, the functional relevance of these marginal actin
accumulations for the progress of epiboly has not yet been tested.

The mechanisms by which EVL cells move during gastrulation and
their potential contribution to the general progress of epiboly are still
only poorly understood. At the blastoderm margin, these cells are tightly
attached to the plasma membrane of the yolk cell. From observations
in the related teleost Fundulus heteroclitus, it has been suggested that
the EVL cells are passively pulled over the embryo by interacting with
the YSL nuclei.’1321 However, the observation that EVL cells actively
extend filopodia and lamellipodia on the YSL surface suggests that the
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movement of EVL cells towards the vegetal pole is also driven by active
migration of those cells??> (Ulrich F and Heisenberg C-P, unpublished).
Finally, these cells also exhibit extensive cellular rearrangements,
indicating that cell intercalations might also contribute to the epibolic
movements of the EVL.2324

What is the relationship of the epibolic movements of the YSL nuclei
and the cells of the DEL and EVL during gastrulation? In mutants
exhibiting defective epibolic movements and in embryos in which the
microtubule cytoskeleton is disrupted, the epibolic movements of the
DEL, YSL and EVL cells can be uncoupled from each other.252% Thus,
these movements appear to be autonomously regulated. This assumption
is also supported by earlier observations in Fundulus, which show that
the YSL nuclei can cell-autonomously accomplish epiboly, independently
of the overlying blastoderm.?” However, although formally independent
of each other, these movements might still be highly coordinated with
each other. Indeed, DEL cells extend protrusions both along the YSL
surface and towards the EVL layer,!32528 suggesting that there is extensive
intercellular communication between these cell layers during epiboly.

Finally, endocytosis of yolk sac plasma membrane by cells at the
blastoderm margin has been proposed to be involved in the regulation
of epibolic movements, both in zebrafish and Fundulus.?'-*° Within
the marginal cells, such endocytic activity can be best seen in the so-
called forerunner cells, a distinct group of 5-10 specialized enveloping
and deep layer cells (Fig. 1H). These cells become located at the dorsal
blastoderm margin shortly after the germ ring has formed (see below).
They subsequently move in front of the margin towards the vegetal
pole, where they will form part of Kupffer’s vesicle.!43%31 However,
whether endocytosis of the yolk sac plasma membrane is essential for
the general progress of epiboly has not been experimentally tested. It
has been speculated that it could serve to release the strain, which is
imposed onto the YSL membrane vegetal to the germ ring margin by
the epibolic movements of the DEL and EVL cells. Alternatively,
endocytosis might not just serve to facilitate epibolic movements, but
could also provide part of the driving force for epiboly, since the removal
of membrane from the vegetal half of the yolk cell surface could also
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result in a pulling force, which draws the blastoderm margin along the
cortex of the yolk cell towards the vegetal pole.!3

Internalization

The internalization of mesendodermal progenitor cells constitutes the
central element in gastrulation. During this process, cells separate from
ectodermal precursors, eventually leading to the establishment of the
three germ layers — ectoderm, mesoderm and endoderm. Additionally,
precursor cells are also brought into their eventual positions from where
they can further develop into more specialized tissues!->!? (Fig. 1B, C).
This is reflected by the emergence of a rather defined lineage fate map
at the onset of internalization.32-34

In zebrafish, internalization of mesendodermal progenitors can be
first observed at 50% epiboly, when the blastoderm has covered half
of the yolk sac. It becomes apparent by a local thickening at the
blastoderm margin, which from thereon is defined as the ‘germ ring’
(Fig. 1B, H). During formation of the germ ring, epibolic movements
slow down but continue towards the vegetal pole after the first
mesendodermal progenitors have internalized.!!3 In early stages of
internalization, DEL blastomeres within the germ ring start moving
towards the yolk and, after reaching the yolk cell surface, turn around
and move towards the animal pole in a direction opposite to their
overlying (not internalized) cells. Prospective mesendodermal cells that
internalize at later stages of gastrulation do not turn towards the animal
pole but instead move towards the vegetal pole.>3 The internalization
of mesendodermal progenitors forms an internal cell layer, the hypoblast,
which is located underneath an outer layer of non-internalizing cells,
the epiblast. Whereas the epiblast gives rise to ectodermal tissues, early
internalizing hypoblast cells will predominantly form endodermal tissues,
while later internalizing cells become mesodermal (Fig. 1H).

Interestingly, accompanying the animal-wards movements of early
internalizing hypoblast cells, a subset of the YSL nuclei also reverses its
formerly vegetal-wards directed movement (epibolic movement) and moves
in the opposite direction towards the animal pole. This anterior movement
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of the YSL nuclei seems to be at least partially independent from the
internalizing hypoblast cells, as the movement of those nuclei is unchanged
in embryos maternally and zygotically mutant for the nodal-related gene
one-eved pinbead, which lacks mesendodermal cell internalization.!314 In
contrast to DEL cells, EVL cells are never internalized.?32-3*

While cells can internalize at the entire margin of the blastoderm,
only the two most marginal rows of cells seem to directly take part in
this process.>!3 Two main types of cellular movements have been
proposed to drive mesendodermal cell internalization: involution of a
coherent sheet of blastoderm cells directly at the margin of the germ
ring and ingression of single blastodermal cells close to the germ ring
margin. Studies in Fundulus have identified both involution- and
ingression-like cell behaviors in the process of mesendodermal cell
internalization.?® Recent studies suggest that in zebrafish, blastodermal
cells at the margin of the germ ring first involute synchronously as a
coherent sheet of cells and then, as soon as they have reached the yolk
cell surface, undergo an epithelial to mesenchymal transition and start
to move as individuals, reminiscent of single cell ingression.!33% The
observation that internalizing cells extend many protrusions towards the
yolk cell surface, together with the finding that single blastoderm cells
can cell-autonomously move from more superficial into deeper layers of
the blastoderm, even if they are not in close proximity to the blastoderm
margin, supports the view that cell ingression is the main type of

movement involved in zebrafish mesendodermal cell internalization!3-37

(Joubin K, Ulrich F and Heisenberg C-P, unpublished).
Internalizing cells that reach the yolk cell surface turn around and
migrate towards the animal pole (Fig. 1H). Cells originating from more
lateral regions of the germ ring margin migrate as loosely associated
mesenchymal cells, while cells ingressing in the region of the embryonic
organizer are tightly clustered together and move as an epithelial-like
sheet of cells. These cells constitute the future prechordal plate (Concha M
and Heisenberg C-P, unpublished). It is conceivable that the movement
of internalized mesendodermal cells towards the animal pole pulls
adhering cells in more superticial blastodermal layers passively
towards the yolk cell surface, leading to the internalization of those
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cells. Furthermore, YSL nuclei that move together with the first
internalizing cells towards the animal pole might dynamically modify
the plasma membrane of the yolk cell. This would generate a force
which is able to pull more superficially located mesendodermal
progenitors that adhere to the plasma membrane of the yolk cell towards
the yolk cell surface.!3

Recent studies have shown that the orientation and formation of
polarized cellular processes in mesendodermal progenitor cells is important
to facilitate and stabilize the movement of these cells towards the animal
pole. Interestingly, hypoblast cell polarization appears to be dispensable
for hypoblast cell ingression and movement per se, indicating that other
cellular processes may be involved (Montero J-A, Ulrich F and
Heisenberg C-P, unpublished). It is likely that the epithelial to
mesenchymal transition of the prospective mesendodermal cells within
the germ ring provides the driving force that leads to the internalization
of these cells and their subsequent movement towards the animal pole.
This transition appears to be regulated in a cell-autonomous manner, as
individual cells can internalize independent of their neighbors, and single
wild-type cells transplanted into Mzoep mutants that lack any recognizable
hypoblast cell internalization can still undergo normal cell internalization.8

Convergence and Extension

Convergent extension (CE) movements, in conjunction with epiboly
and the continuous internalization of mesendodermal precursor cells,
lead to the formation of an embryonic body axis with distinct anterior-
posterior and dorsal-ventral polarity out of an initially spherical gastrula.
While convergence narrows the embryo mediolaterally, extension
lengthens the tissue into the anterior-posterior direction (Fig. 1F, J).
The mechanism of forming an embryonic body axis by CE movements
is a central and conserved principle in gastrulation of various species,
including sea urchins, Drosophila, C. elegans, ascidians, mouse, chick,
Xenopus and zebrafish.3#¢ The extent to which convergence and
extension movements are coordinated with each other varies between
different species and within specific domains within the gastrula.*?



48  Ulrich F & Heisenberg C-P

In zebrafish, both epiblast and hypoblast cells converge towards the
dorsal side of the gastrula, which narrows the germlayers mediolaterally.
Convergence first becomes visible shortly after involution starts, when
a compaction of blastodermal cells at the dorsal-most region of the
embryo leads to the formation of the embryonic organizer or shield!
(Fig. 1B). Cells converge through all stages of gastrulation until early
somitogenesis.! This leads to a nearly complete accumulation of all
embryonic cells at the dorsal side, where the axis forms, and a concomitant
depletion of cells at the ventral side of the gastrula (Fig. 1C). Hypoblast
(mesendodermal) cells that exhibit CE movements initially migrate as
loosely associated mesenchymal cells on the yolk cell surface, while epiblast
(ectodermal) cells move within a sheet of epithelial cells towards the
dorsal side!?” (Concha M and Heisenberg C-P, unpublished).

Depending on the position within the gastrula, cells seem to exhibit
different degrees of CE movements. Cells on the prospective ventral
side of the embryo do not significantly contribute to convergence or
extension of the body axis. Instead, they migrate over the vegetal half
of the yolk towards the vegetal pole of the embryo, where they later
become part of the tail. In contrast, cells laterally positioned within
the gastrula show increasing convergence and extension movements
the closer they are to the dorsal side, while cells very close to the dorsal
side show little convergence and high extension movements.!»3247:48 On
the cellular level, the extent to which cells undergo CE movements is
reflected by the degree of stable and persistent movement trajectories
these cells show. They elongate along their mediolateral axes, and this
elongation appears to be required for the velocity and persistence of
CE movements.**»* The same cells also extend numerous pseudopodial
and filopodial extensions towards the yolk and onto neighboring cells.
Whether this protrusive activity is required to stabilize cell movements
or to directly mediate them is not yet fully understood®! (Ulrich F and
Heisenberg C-P, unpublished).

In Xenopus, movements of convergence and extension in both
mesodermal and neurectodermal tissues are thought to be mediated
and coupled to each other by cellular rearrangements commonly termed
“mediolateral intercalation behavior” (MIB). MIB describes a process
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by which mediolaterally aligned cells intercalate between each other,
thus simultaneously accumulating cells towards the dorsal midline and
displacing them apart from each other in an anterior-posterior direction
(Fig. 1I). Oriented bipolar protrusive activities in mesodermal cells and
directed monopolar protrusive activities in both neurectodermal and
mesodermal cells are thought to mediate MIB. These protrusions allow
the cells to adhere to and exert traction on their immediate neighbors,
which enables them to insert themselves between each other.*®

In zebrafish, as in other related teleosts like the rosy barb and
Fundulus, the link between convergence and extension seems to be
more complex, and MIB might not be the only means by which the
embryonic axis extends. The reasons for this assumption mainly originate
from studies in zebrafish, which analyzed the cellular rearrangements
underlying CE movements in posterior axial and paraxial mesendodermal
tissues, such as the notochord and presomitic mesoderm, respectively.>?
Although MIB can be observed in both of these tissues, the rate of
convergence is not always linked to the rate of extension (as it would
be the case with MIB), indicating that MIB cannot be the sole cellular
mechanism driving CE movements. This is particularly obvious in 7o
tail (ntl) mutants, where the embryonic axis can still extend even in
the near complete absence of convergence movements within the paraxial
mesendoderm. What other cellular mechanisms that might mediate CE
in zebrafish have not yet been established, but it has been speculated
that radial intercalations of mesendodermal cells — thought to drive
epibolic movements at earlier stages of gastrulation — might also
contribute to the anterior-posterior extension of the emerging embryonic
axis. This notion is supported by the phenotypic analysis of the volcano
mutant, which shows that defects in epibolic cell movements at the
onset of gastrulation are followed by reduced CE movements. This
suggests that these different movements might be regulated by a
common cellular mechanism.?®

The role of MIB in regulating CE movements in more anterior regions
of the embryo is less well-understood. Here, extension of axial
mesendodermal tissues, such as the prechordal plate, is mediated primarily
by the directed migration of single cells or groups of cells towards the
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animal pole, while MIB appears to be restricted to paraxial mesendodermal
tissues (Ulrich F and Heisenberg C-P, unpublished). The observation
that different signaling molecules are required to mediate CE movements
in anterior and posterior portions of the embryo also supports the notion
that multiple cellular mechanisms might operate to control gastrulation
movements along the anterior-posterior axis of the embryo.?!

Similar to mesendodermal cells, neurectodermal cells also display
CE movements. This is first visible at shield stage, when non-
internalizing epiblast cells at the blastoderm margin, in addition to
their epibolic movements towards the vegetal pole, converge towards
the dorsal midline in a highly persistent fashion. With gastrulation
proceeding, cells located more animally to the blastoderm margin also
start to converge towards the dorsal midline. Simultaneously, epiblast
cells become more compact, so that by mid-gastrulation the whole
epiblast moves as a coherent sheet of cells. Cells become elongated
and extend protrusions into the mediolateral directions, possibly
mediating mediolateral intercalations at the dorsal midline. However,
it is not yet clear to what extent convergence and extension movements
in the epiblast are coupled by MIB.3”

Parallel to the movements of neurectodermal and mesendodermal
tissues, the nuclei of the YSL also undergo CE movements. This can
first be seen at shield stage, when a small fraction of these nuclei
converges towards the dorsal side. By the time blastoderm cells begin
to internalize, the YSL nuclei move together with the first internalizing
mesendodermal cells towards the animal pole. This anterior movement
is accompanied by CE movements of nuclei in paraxial regions of the
gastrula. Interestingly, these nuclei show increasingly faster CE
movements as closer they are positioned to the dorsal side, whereas
nuclei in axial regions move anteriorly towards the animal pole. Similar
to the situation in mesendodermal and neurectodermal germ layers,
CE movements of the YSL nuclei appear to be mediated by MIB,
suggesting that the movements of the YSL nuclei and of cells of the
overlying germ layers are coordinated.'*

Little is known about the extent to which cells in the EVL exhibit CE
movements during gastrulation. In principle, cells of the EVL are capable
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of extending cellular protrusions and are motile within the plane of the
EVL, but whether they actively converge and extend has not yet been
experimentally addressed.?272* Since the EVL covers the blastoderm to an
equal extent along its dorso-ventral axis throughout gastrulation, convergent
movements of cells within the EVL might be of less importance.!

Future Directions

Many of the studies analyzing the cellular mechanisms underlying
gastrulation movements have focused on the cellular rearrangements
within specific germ layers and tissues. However, the interaction between
these germ layers and tissues is likely to be of equal importance. Evidence
for cell interactions between the mesodermal and neurectodermal germ
layers can be found in recent studies, which show that during Xenopus
gastrulation, the mesendoderm is required for normal polarization and
protrusive activity of cells within the overlying neurectoderm.>® Other
mechanisms, such as cell adhesion and cell proliferation, are also likely
to contribute to the regulation of gastrulation movements, but have not
yet been analyzed in detail. Studies on the function of paraxial
protocadherin, both in Xenopus and zebrafish, have provided evidence
that cell adhesion within the posterior paraxial mesoderm is required for
normal CE movements within this tissue.>*%® Finally, a role of cell
proliferation in regulating cell and tissue morphogenesis has been
proposed by studies that have analyzed cell divisions in the zebrafish
neurectoderm. Here, the orientation of the cleavage planes of
neurectodermal cells appear to be highly ordered, indicative of a role
for cell division in the positioning of cells within the neurectoderm during
gastrulation.3”

I1. Molecular Mechanisms

Wnt/PCP Pathway

Wnt proteins constitute a family of secreted glycoproteins that can be
found in species throughout the animal kingdom, ranging from Hydra
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to humans. They are involved in a variety of cellular functions during
development, such as axis induction and patterning, tissue and organ
morphogenesis, asymmetric cell division and, as more recent studies
confirm, also in axon guidance.’%*” Several Wnt signal transduction
pathways have been identified. The best characterized of them is the
canonical Wnt signaling pathway, originally found to specify segment
polarity in Drosophila and mediate axis induction in Xenopus. This
pathway transduces the Wnt signal via binding to its transmembrane
receptor Frizzled (Fz), followed by activation of the cytoplasmic protein
Dishevelled (Dsh). This leads to the inhibition of a destruction complex
containing APC, Axin and GSK3, which in turn allows the stabilization
of B-Catenin and its subsequent translocation to the nucleus, where
it is involved in the transcriptional regulation of certain target genes®$:>?
(Fig. 2A).

During vertebrate gastrulation, both the functional characterization
of Dsh in Xenopus and the analysis of the silberblick (slb/wntll) mutant
in zebrafish provided initial evidence that a Wnt signaling pathway
different from the canonical pathway is involved in regulating gastrulation
movements.®®62 This pathway shares significant similarities with the planar
cell polarity pathway (PCP) in Drosophila, a signaling pathway downstream
of the putative Wnt receptor fiizzled, that has been shown to mediate
the correct orientation of ommatidia and the polarized outgrowth of
sensory bristles and wing hairs in the eye, thorax and wing.63:64

Besides slb/wmntll, several other zebrafish mutants that exhibit
defective gastrulation movements have been shown to encode different
components of the Wnt/PCP pathway.*% These mutants include
pipetail (ppt), which encodes Wnt5, knypek (kny), mutated in the Wnt
co-receptor Glypican4 /6, and trilobite (tri), encoding the transmembrane
protein Strabismus/VanGogh (Stbm/Vang).#?:62:66.67 The molecular
characterization of these mutants and the identification of further
downstream components mediating the function of these genes during
gastrulation have revealed a signaling pathway with striking homology
to the Fz/PCP pathway in Drosophila. Shared components include the
Wnt receptors Fz2 and Fz7, the intracellular signaling mediator Dsh,
the formin homology domain containing cytoplasmic protein Daaml,
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Fig. 2 Whnt signaling during zebrafish gastrulation. (A) Overview of the canonical, the
Wnt/PCP and the Wnt/Ca?" pathway. Members of these pathways are shown in blue,
red and green, respectively. See text for more details. (B, C) Wild-type (B) and s/& mutant
embryo (C) at bud stage. In s/b mutants, the prechordal plate is flattened and shifted
posteriorly (arrowhead), and the anterior-posterior body axis is shortened (arrowhead
and asterisk). Lateral views with anterior to the left. Scale bar = 250 pm.
(D) Overexpression of a Dsh-GFP construct in Xenopus mesodermal cells during
convergent extension. The protein is distributed ubiquitously around the cell membrane.
(E) Expression of Dsh-GFP in the wing epithelium of Drosophila during prehair formation.
In contrast to Xenopus, the protein is asymmetrically localized to the distal edge of the
cells (yellow arrowheads). Red arrowheads mark the proximal side of the cells. Reprinted
from Wallingford ez #/.°! and Axelrod.'>®
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the small GTPases RhoA, Rac and Cdc42 and the Rho effector kinase
Rok2.50,60-62,68-70 Qther components, which are related to but not
directly part of this signaling pathway, are the JNK module, the ankyrin
repeat protein Diego, the transmembrane protein Strabismus/VanGogh,
the protein phosphatase PP2A and the cytoplasmic protein Prickle
(Pk)%771-79 (Fig. 2A).

Although the molecular conservation of the Wnt/PCP pathway
between vertebrates and Drosophila is evident, the cellular and molecular
mechanisms by which this pathway functions in vertebrates are largely
unknown. In the Drosophila wing epithelium, planar cell polarity is
manifested by the outgrowth of a single actin- and tubulin-filled, distally
pointing hair at the distal vertex of a wing cell.8% Based on the
phenotypic analysis of mutants in genes of the planar cell polarity pathway,
these components can be subdivided into two main classes. Upstream
members of the pathway, like fz, dsh, pk and stbm, lead to wing hairs
pointing into the wrong directions when mutated or mis-expressed,
indicating that they are required for the polarization of wing cells. In
contrast, abolishing or increasing the function of genes, which are more
downstream in the pathway, like 740A and the Drosophila rho-associated
kinase (Drok), interferes with the number but not the polarity of forming
wing hairs, suggesting that they are needed for the formation but not
polarization of wing hairs.®%! In Drosophila, the polarization and
formation of such a hair requires the localized accumulation of PCP
proteins, such as Fz and Dsh, at the distal edge of the corresponding
wing cell.32 Subsequently, components of the actin and microtubule
cytoskeleton become localized towards this site, eventually leading to
the outgrowth of a single hair.3? It has been hypothesized that upstream
components of the PCP pathway specify cell polarity by establishing the
site where the wing hair will emerge, whereas downstream components
of the pathway regulate or associate with the actin and microtubule
cytoskeleton, thereby regulating wing hair formation itself. Further
evidence for an interaction of these downstream components with the
cytoskeleton results from studies in which embryos were treated with
drugs that antagonize the cytoskeleton, resulting in phenotypes looking
strikingly similar to mutant phenotypes of those components.®*
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In zebrafish, mutants of the Wnt/PCP pathway have been identified
primarily on the basis of a broadened and shortened body axis at the
end of gastrulation, indicative of defects in CE movements during
gastrulation (Fig. 2B, C). However, in most of the cases the precise
cellular basis that gives rise to these phenotypes is not yet understood.
It has been speculated that the defects in CE movements in these
mutants are due to a failure of epiblast and hypoblast cells to elongate
along their mediolateral axes, which is thought to constitute a
prerequisite for mediolateral cell intercalation behavior driving CE
movements. However, it is not at all clear if the lack of mediolateral
cell elongation in these embryos is a mere secondary consequence of
these cells not being able to move dorsally and intercalate mediolaterally,
or if the Wnt/PCP pathway directly affects the elongation of these
cells. Furthermore, it is not clear to which extent the mediolateral
elongation of cells during vertebrate gastrulation can be compared to
the polarization of Drosophila wing epithelial cells. As mentioned above,
the formation of a single wing hair at the distal vertex of such a cell
is preceded by the asymmetric localization of planar cell polarity pathway
components along the cell membrane (Fig. 2E). In contrast, no
asymmetric membrane localization of homologous proteins in epiblast
and hypoblast cells undergoing CE movements has yet been observed
during vertebrate gastrulation (Fig. 2D). One possible reason for this
could be that the organization of the tissues in which the Wnt-Fz/
PCP pathways function is rather different between Drosophila and
vertebrates. While wing cells are organized in a tight, stationary
epithelium with little space between single cells, gastrulating cells in
Xenopus and zebrafish appear more loosely associated and show extensive
movements relative to each other and on the substrate to which they
attach.*>52 Although several components of the PCP pathways are
conserved between Drosophila and vertebrates, it could be that the
functions of these pathways in Drosophila planar cell polarization and
vertebrate gastrulation are rather different.

Interestingly, recent studies analyzing the cellular mechanisms by
which slb/wntll tunctions during zebrafish gastrulation have shown
that this gene is required in single epiblast and hypoblast cells for the
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polarized outgrowth of cellular processes into their individual movement
directions and that the defect in cell polarization in s/& mutants is
accompanied by slower and less persistent movements of these cells at
the onset of gastrulation.?® This suggests that sib/wnt11 allows cells to
correctly polarize into their individual movement directions, suggesting
that cell polarization is required to facilitate and stabilize cell movements.
Future studies will need to address how slo/wntll regulates the
polarization of epiblast and hypoblast cells and how this polarization
can facilitate and stabilize their movements.

A more detailed analysis of the pathways involved in gastrulation
with respect to cell morphologies and their relation to the actual
movements of these cells should help to further elucidate the complex
cellular functions of these pathways during gastrulation. Also, analysis
of cells from tissues with both epithelial and mesenchymal characteristics,
such as cells mediating dorsal closure in Drosophila, should provide
further insights into the molecular and cellular conservation of the Wnt—
Fz/PCP pathways between vertebrates and flies. 3384

Cell Adhesion Molecules

Cell adhesion is thought to play an essential role in the regulation of
tissue integrity, cellular morphology and cell movements.8® Several
studies on epithelial tissues and migrating cells have revealed a complex
interplay between the actin and microtubule cytoskeleton and sites of
cell-cell or cell-substrate adhesion. It is, therefore, very likely that
important downstream effectors of the pathways that regulate
gastrulation movements in zebrafish encode adhesion molecules.8¢-88

In zebrafish and Xenopus, several adhesion molecules have been shown
to be involved in the regulation of cell movements and tissue morphogenesis
during gastrulation. The best-studied adhesion molecules in this process
include members of the Protocadherin family of adhesion molecules, such
as Paraxial protocadherin (Papc) and Axial protocadherin (Axpc). Papc is
expressed in paraxial mesendodermal tissues and is required for CE
movements of cells within this tissue. Moreover, Papc is able to induce
cell shape changes when overexpressed in Xenopus animal cap explants,
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suggesting that Papc regulates CE movements by determining cell
polarization or elongation.?*%> Another protocadherin, Axpc, is required
to facilitate the homophilic sorting of notochordal precursor cells into
forming notochord in Xenopus, pointing at an important role of adhesion
molecules in tissue rearrangements during gastrulation.?” Although these
studies have revealed an essential function of protocadherins in regulating
gastrulation movements, not much is known about the signaling
mechanisms controlling their transcription or activation. In mouse and
Xenopus, Papc has been shown to function downstream of the
transcriptional activator Lim1, which is expressed in dorsal regions of the
gastrula.?®! Studies in zebrafish have found that Papc expression is
regulated by spadetail, a transcription factor required for morphogenetic
movements during gastrulation.>*"2

In addition to protocadherins, cadherins, such as E-, C- and N-
cadherin, have been implicated in the regulation of cell adhesion during
gastrulation. Studies in Xenopus and zebrafish have shown that E-cadherin
is expressed during gastrulation in both anterior mesendodermal cells
and cells of the dorsal midline. It has been further postulated that E-
cadherin mediates cell adhesion during gastrulation, although the precise
molecular and cellular nature of such a function is at present unclear.”3%*
Other cadherins, such as C-cadherin and N-cadherin, are also expressed
during zebrafish and Xenopus gastrulation, where they have been reported
to mediate CE movements in mesodermal and ectodermal tissues.”>7
In zebrafish, N-cadherin encodes the parachute (pac) mutant locus and
is needed for proper convergence movements of the neural plate and
keel.”3?? However, similar to the situation with Protocadherins, the
signaling mechanisms that control the expression and localization of
cadherins remain to be elucidated.

In Xenopus, integrins and fibronectin, important regulators of cell-
substrate interactions, are required for cell polarization and radial cell
intercalation movements during early gastrulation. Interestingly, the
binding of cells to fibronectin via integrins has been shown to translocate
Dsh to the membrane of those cells, pointing at an interaction of cell
adhesion and the Wnt-signaling pathway during gastrulation.!00:101
Although the integrin-mediated binding to fibronectin at focal adhesion
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sites is essential for the establishment of cell-substrate contacts in
zebrafish,?? not much is known about the role of integrins in regulating
zebrafish gastrulation movements.

In Drosophila, tocal adhesion kinase (FAK) is required for cell
movements during oogenesis. Interestingly, the activity of FAK in this
process is regulated by Wnt4, which signals through a pathway involving
both components of the canonical Wnt and the Wnt/PCP pathway.
In zebrafish, wnt4 is weakly expressed at the onset of gastrulation, and
misexpression of this gene results in severe morphogenetic defects at
later developmental stages.!®?2 However, neither the functional
requirements of Wnt4 nor the signaling pathway and targets through
which Wnt4 is exerting its morphogenetic function have been identified
yet. Recent studies have reported that zebrafish FAK is expressed during
early gastrulation, with more abundant levels towards late gastrulation,
indicating that it might also serve as a target molecule for Wnt signaling
during zebrafish gastrulation.!03,104

More evidence for a role of the Wnt-signaling pathway in regulating
cell adhesion comes from studies in Xenopus that have analyzed the
function of the putative Wnt receptor Fz7 in the separation of the germ
layers at the onset of gastrulation. Interfering with the function of Fz7
led to the failure of mesendodermal and ectodermal tissues to separate
from each other, indicating that Fz7 controls the differential adhesiveness
of these tissues. This function is neither mediated by downstream members
of the canonical nor the PCP pathway, but rather by a Dsh-independent
signaling cascade, which includes Protein kinase C (PKC) and calcium.!%®
The identities of further mediators of Fz7 function in this process are
not determined, but independent studies suggest that cadherins can serve
as targets of the Wnt/PKC pathway!% (Fig. 2A).

Nodal/TGEFp Signaling

Nodal, a gene first discovered in mice, where it is required for the
formation of mesodermal and endodermal tissues, belongs to the
Transforming Growth Factor B (TGFR) superfamily of secreted
glycoproteins. Members of the Nodal-signaling pathway have been



Gastrulation in zebrafish 59

shown to play important roles for anterior-posterior patterning,
positioning of the embryonic axis and the specification of mesodermal
and endodermal cell fates during early development in different
vertebrate species!?’7199 (Fig. 3).

In zebrafish, several mutants encode components of the Nodal-
signaling pathway. The Nodal-related ligands Cyclops (Cyc) and Squint
(Sqt) bind to their putative receptors and coreceptors Taram-A (Tar)
and One-eyed pinhead (Oep), respectively. While Tar encodes a
transmembrane receptor with serine-threonine kinase activity, the oep
gene product belongs to the EGF-CFC family of membrane-attached
extracellular glycoproteins that are thought to act as co-receptors for
receiving the Nodal signal. Loss of cye, sqt or oep function leads to a
failure of mesendodermal tissues to develop. Furthermore, constitutive
activation of the Taram-A receptor can induce ectopic mesendodermal
cell fates in a cell-autonomous manner, indicating that Nodal signaling
can instructively induce mesendodermal cell fates in zebrafish.!10-112
The Nodal signal is transduced via Smad proteins as intracellular signal-
mediators. These proteins are thought to heteromerize upon
phosphorylation by the Nodal receptors and translocate to the nucleus.
There, they interact with transcription factors such as Schmalspur (Sur),
a member of the Fast/FoxHI1 family, and control the transcription of
genes involved in mesendoderm induction, such as no tail (ntl), goosecoid
(gsc) and floating head (fIh).” Other transcriptional targets are the Nodal
ligands themselves, like Cyc, and the secreted Nodal antagonists Leftyl
and Lefty2, suggesting that the Nodal pathway is regulated by a complex
molecular feedback loop!'3-11¢ (Fig. 3A).

In addition to determining the fate of mesendodermal cells, there
is increasing evidence that the Nodal pathway also regulates the
ingressive behavior of mesendodermal progenitors within the germ ring
margin. Wild-type cells transplanted into the germ ring of maternal-
zygotic oep (MZoep) mutant host embryos, which are not able to receive
the Nodal signal and therefore lack any mesendodermal progenitors
themselves, can internalize cell-autonomously. Conversely, MZoep mutant
cells grafted into the germ ring of a wild-type host do not internalize.38
Finally, cells overexpressing a constitutive active form of the receptor
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Fig. 3 Nodal signaling during zebrafish gastrulation. (A) The Nodal-signaling pathway
with members identified in zebrafish (see text for details). The secreted ligands Cyclops
(Cyc) and Squint (Sqt) bind to Type I and Type II receptors with One-eyed pinhead
(Oep) as an essential co-receptor. This leads to the activation of Smad proteins, which
heteromerize and translocate to the nucleus, where they associate with transcriptional
regulators such as Schmalspur (Sur). This induces the expression of mesoderm-inducing
signals like Goosecoid (Gsc) and No Tail (Ntl) and a molecular feedback loop involving
the nodal ligand Cyc and the Lefty proteins as inhibitory factors. (B) Wild-type zebrafish
embryo at the onset of gastrulation. The germ ring (gr) forms by involution and is visible
around the equator of the embryo. Arrowheads mark the region of the forming organizer,
the shield (sh). (C) Germ ring formation in an embryo, where the nodal signal is
upregulated by morpholino antisense oligonucleotide injection directed against the lefy
1 and 2 transcripts (-L1/2). Animal views with dorsal to the top. Scale bar = 250 pm.

109 115

Reprinted from Kimelman and Schier'?” and Feldman.
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Taram-A that are transplanted into the ectoderm of a wild-type embryo
are able to directly move towards the yolk, thereby mimicking
internalization behavior normally observed only within the germ ring.!!!
These results indicate that Nodal signaling is required and sufficient
for mesendodermal cell internalization and that this internalization is
a cell-autonomous process. They further suggest that internalization is
mediated by the ingression of single cells that undergo an epithelial
to mesenchymal transition. This conclusion is also supported by recent
studies showing that embryos where the Nodal inhibitors Leftyl and
Lefty2 are inactivated exhibit more pronounced single cell ingression
behaviors within the germ ring, leading to an increased thickening of
the shield and the germ ring tissue!'® (Fig. 3B, C).

PDGF/PI3K Pathway

Phosphoinositide-3 kinase (PI3K) is required in various types of single
cells — such as leukocytes or cells of the slime mold Dictyostelium —
to polarize and move along a chemotactic gradient.!'”>!1® During
vertebrate gastrulation, PI3K is involved in regulating mesodermal cell
movement and morphology.!1?

In response to an extracellular chemoattractant gradient, PI3K
becomes activated and localized to the leading edge of single migrating
cells. Here, it converts phosphoinositide-4,5-diphosphate (PI(4,5)D;)
to phosphoinositide-(3,4,5)-triphosphate (PIP3), which can bind PH-
domain containing proteins like Akt/protein kinase B (Akt/PKB). These
proteins in turn can direct the assembly of actin filaments to the leading
edge of such cells, which is then used for the localized production of
cellular processes. Thus, the function of PI3K is to enable a cell to
respond to an extracellular gradient of a chemoattractant by polarizing
the outgrowth of cellular processes along this gradient, thereby
facilitating its polarized movement!20-122 (Fig. 4).

PI3K plays an important role for cell polarization and migration
during vertebrate gastrulation, where it acts in a pathway downstream
of Platelet Derived Growth Factor (PDGF). In Xenopus, PDGE-A is
expressed in the ectoderm above the involuting mesodermal
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Fig. 4 PDGF/PI3K signaling during zebrafish gastrulation. (A) Schematic view of the
pathway. Upon binding of PDGF, the receptor becomes phosphorylated and binds
phosphoinositol-3-kinase (PI3K), which then converts Phosphoinositide biphosphate
(PIP2) to Phosphoinositide triphosphate (PIP3) at the plasma membrane. Protein
kinase B (PKB) binds to PIP3 via its Pleckstrin-homology (PH) domain and mediates
cell polarization and motility through the localized polymerization of Actin (see text for
more details). (B-D) A construct between GFP and the PH domain of PKB becomes
asymmetrically localized to the leading edge of a migrating leukocyte (arrowheads) that

respond to a chemoattractant gradient. Reprinted from Weiner et a/.!18

progenitors, which themselves express the corresponding PDGF
receptor .23 It has been speculated that ectodermal cells secrete PDGF

to facilitate involution of the underlying mesodermal cells. Supporting
this hypothesis are findings that show that PDGF can facilitate the
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adhesion of mesodermal cells to the overlying ectodermal tissue.!?*
Furthermore, when PDGEF is applied to Xenopus mesendodermal cells
in vitro, it promotes the outgrowth of lamellipodia and filopodia and
the subsequent spreading of these cells on their substrate.!!® This
function of PDGF appears to be mediated by PI3K, suggesting that
PI3K controls the outgrowth and polarization of mesodermal cell
processes during vertebrate gastrulation. PDGF-A and its receptors in
mice show a temporal and spatial expression profile during gastrulation,
which strikingly resembles the situation in Xenopus, indicating that
PDGF signaling has conserved functions during vertebrate
gastrulation, 125126

Recent studies have shown that in zebrafish, both PDGF and PI3Ks
are required for cell polarization and process formation of
mesendodermal cells iz vivo at the onset of gastrulation.!?” Similar
to the results obtained in mammalian neutrophils and Dictyostelinm
cells, PI3Ks appear to control mesendodermal cell polarization and
process formation by asymmetrically localizing Protein Kinase B (PKB)
to the plasma membrane at the leading edge of those cells (Fig. 4B, C).
This is accompanied by an accumulation of actin at the front of the
cells. Interestingly, although cell polarization and process formation
is lost in mesendodermal cells in the absence of PI3K, these cells still
retain the ability to move in a relatively coordinated and directed
way. This suggests that PI3K-dependent cell polarization and process
formation are at least to some degree dispensable for directed cell
movements at the onset of gastrulation. Furthermore, these
observations indicate that the PDGF/PI3K pathway, similar to the
Wnt/PCP pathway, is predominantly required to facilitate and stabilize
mesendodermal cell movements but not to determine their general
movement direction. These conclusions are also corroborated by
findings in Xenopus showing that PDGF/PI3K signaling in
mesodermal cells is required not for mediating CE movements during
gastrulation, but rather for the stabilization of cell-substrate adhesion
during involution at the onset of gastrulation.!1%124 Future studies
will have to address if and how the PDGF/PI3K and Wnt/PCP
pathways might interact in the regulation of mesendodermal cell
polarization and movement.
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Other Pathways

Whnt signals can influence gastrulation movements not just through the
Wnt/PCP pathway mentioned above, but also by signaling through a
pathway regulating intracellular calcium levels. Co-expression of Xenopus
wntba with the rat fz2 receptor in zebrafish embryos can raise the
levels of intracellular Ca?" via the activation of heteromeric G-proteins
and inositoltriphosphate (I1P3).128 More recent studies have shown that
Wnt/Ca?* signaling is involved in the regulation of tissue separation
during Xenopus gastrulation, suggesting that the Wnt/Ca?" pathway
in vertebrates is needed for the regulation of differential cell adhesiveness
(see above and Winklbauer!??). Possible downstream targets mediating
this and other effects of the Wnt/Ca?" signaling pathway in Xenopus
include calcineurin (CaCN) and calmodulin-dependent kinase II
(CamKII). However, the precise functions of these proteins in respect
to cell rearrangements during gastrulation are not yet fully
understood!0>130:131 (Fig 2A). In addition to its role for the intracellular
Whnt signal transduction, Ca?" release into the extracellular space might
play an important role in the cell-cell communication underlying the
coordination of cell movements during gastrulation.!?8:132

The JAnus Kinase family of Signal Transducers and Activators of
Transcription (JAK/STAT) is thought to regulate a variety of different
processes during invertebrate and vertebrate development, such as
hematopoiesis, cell proliferation, cell fate specification, planar cell polarity
and cell migration.'3? The binding of several cytokines and growth factors
to their respective receptors induces a conformational change that activates
JAK proteins, which are constitutively associated to the cytoplasmic side
of the receptor. Upon activation, JAK proteins autophosphorylate
themselves and specific tyrosine residues in the cytoplasmic part of their
receptors. These residues serve as docking sites for the SH2 domains of
STAT proteins, which themselves become tyrosine-phosphorylated and
activated. They subsequently dimerize and translocate to the nucleus,
where they regulate the expression of certain target genes!®® (Fig. 5).
STAT activity is involved in the regulation of cell migration in a variety
of species. In mice, stat3 loss-of-function leads to impaired movements
of mesodermal tissues during gastrulation and disrupts keratocyte
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Fig. 5 JAK/STAT signaling during zebrafish gastrulation. (A) Upon ligand binding, JAK
proteins phosphorylate tyrosine residues at the receptor that serve as docking sites for STAT
proteins, which themselves become phosphorylated. This enables their dimerization and
translocation to the nucleus, where they regulate the transcription of certain target genes
(see text for more details). (B) Zebrafish embryo, which has been injected with a control
morpholino antisense oligonucleotide, at the end of gastrulation. (C) Zebrafish embryo
depleted of Stat3 protein by morpholino injection at the end of gastrulation. Prechordal
plate and neural plate (arrowhead and asterisk, respectively) are shifted posteriorly, and the
chordal mesoderm appears broader (arrow). Lateral views with anterior to the left. Scale
bar = 250 um. Reprinted from Hou et #2133 and Yamashita ez a/.13
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movements during wound repair. In Drosophila, interfering with JAK/
STAT signaling impairs border cell migration during egg chamber
development, while in Dictyostelium, cells that are mutant for STATn
exhibit a reduced ability to form a multicellular stalk, probably due to
defects in their chemotactic cell movements.!35-138

In zebrafish, the JAK/STAT pathway functions as a regulator of cell
movements during gastrulation. Misexpression of a dominant-negative form
of jakl interferes with normal radial cell intercalation movements during
epiboly. Furthermore, stat3 is required cell-autonomously for the anterior
movement of hypoblast cells and non-autonomously for the dorsal
convergence of paraxial mesodermal cells!3”-13° (Fig. 5B, C). The
observations that the expression of both FAK and E-Cadherin is dependent
on STAT protein function in Drosophila border cells and that STAT3 can
directly bind to Racl suggests that JAK/STAT functions during gastrulation
by controlling both cell adhesion and cytoskeletal rearrangements.!40:141

Upstream regulators of JAK/STAT signaling during zebrafish
gastrulation have not yet been identified. The activation of Stat3 on the
dorsal side of zebrafish embryos depends on the activity of the maternal
Wnt/B-catenin pathway.!3 However, no specific ligand/receptor pair
has been found to function directly upstream of Stat3. The recent findings
that the chemokine receptor CXCR4 and its proposed ligand SDF-1 are
needed for the migration of primordial germ cells during gastrulation
hint that these or similar factors may also be involved in the regulation
of Stat3-dependent hypoblast cell movements.!4414>

Signaling through ephrins and their corresponding receptors has been
shown to mediate various morphogenetic processes in development,
such as axonal guidance, cell migration, boundary formation and
angiogenesis. 143,144

Ephrins are extracellular signaling molecules attached to the cell
membrane either via a GPI anchor (class A) or through a transmembrane
domain (class B) and are specifically recognized by class A or class B
receptors, respectively. The interaction of ephrins with a globular domain
at the N-terminus of their corresponding receptors induces the
phosphorylation of intracellular tyrosine residues of both the receptor
and the ligand, followed by the subsequent assembly of adaptor proteins
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(Fig. 5A). More importantly, ephrin signaling occurs via the interaction
between different cells, not through the action of a secreted molecule
on a specific target tissue, and is usually bidirectional, involving both
the source and target cells.

Several ephrin receptors and ephrin ligands are expressed during zebrafish
gastrulation.!#146 They interfere with cell movements during gastrulation
without altering cell fates!*®1%” (Fig. 5B, C). However, the precise function
and molecular targets of ephrin signaling during gastrulation still remain
to be elucidated. The results from other developmental systems suggest
a role of ephrin signaling in controlling cell adhesion or modulating the
cytoskeleton, 44146148 Tnterestingly, Ephrin-B ligands are enriched in lipid-
raft microdomains of cultured hippocampal neurons, suggesting that plasma
membrane compartmentalization and cell polarization might be involved
in the regulation of ephrin signaling.!*’

Zebrafish homologues of the Drosophila slit and robo genes are
involved in the regulation of convergence and extension movements
during gastrulation!® (Fig. 6). In Drosophila, Slit is secreted by midline
glia cells within the nervous system, where it inhibits the crossing of
commissural axons expressing the Slit receptor Robo.!®!"15% During
zebrafish gastrulation, Slit homologues are expressed in axial
mesendodermal tissues such as the notochord and prechordal plate,'>°
while Robo homologues are expressed throughout the whole
gastrula.1®51%6 Misexpression of the zebrafish Slit-2 homologue leads
to defects in convergence and extension movements during gastrulation
150 (Fig. 6B, C) suggesting that Slit, secreted by axial mesendodermal
cells, can regulate the movement of axial and paraxial mesendodermal
cells expressing Robo. Which cellular interactions precisely depend on
slit/robo function and what molecular target mechanisms mediate the
Slit/Robo signal remain to be elucidated.

III. Future Prospects
‘New’ Methods

Although many genes with a function in regulating gastrulation
movements have been identified, the interaction of these genes with
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Fig. 6 Ephrin-signaling during zebrafish gastrulation. (A) Class A Ephrins are bound to

the plasma membrane via a GPI anchor, whereas class B Ephrins are transmembrane proteins
with a cytosolic kinase domain. Upon activation of the receptor/ligand, various proteins,
such as PI3K and Src homology- or PDZ domain-containing proteins, can bind to the
cytosolic part of ephrins or ephrin receptors (see text for more details). (B) Wild-type
zebrafish embryo at the end of gastrulation, stained with markers outlining the prechordal
plate (ppl), the mid-hindbrain boundary (MHB) and the notochord (no). (C) Embryo
injected with a dominant negative ephrin ligand at the end of gastrulation. The prechordal
plate is displaced posteriorly and the notochord appears broadened. Animal views with
anterior to the top. Scale bar = 250 pm. Cys = cysteine rich domains; FN IIT = fibronectin
type 111 like repeats. Reprinted from Holder and Klein'4? and Chan et 2146
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Fig. 7 Slit/Robo signaling during zebrafish gastrulation. (A) The secreted molecule Slit
binds to the Robo receptor, thereby possibly triggering changes in cell adhesion or the
cytoskeleton. (B) Wild type embryo at bud stage, stained with markers outlining the
prechordal plate (ppl) and the neural plate (np). (C) Bud stage embryo ubiquitously
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Ig = Immunoglobulin, FGF = Fibroblast Growth Factor, EN III = Fibronectin Type III
repeats. Reprinted from Holder and Klein!43 and Yeo.!%°
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each other is only poorly understood. Furthermore, effector genes
mediating the function of the various signaling pathways implicated are
still not known. To obtain insight into the molecular and cellular
function of these signaling pathways, strategies must be developed that
allow a better characterization of already existing genes and the
identification of downstream effectors of those signaling pathways.
One way of identifying potential effectors is to compare the expression
profile between cells or tissues in which a specific pathway is activated
versus those cells or tissues in which this pathway is inactive. Alternatively,
cells of different origin or fate can be sorted by labeling subsets of cells,
e.g. through the expression of GFP under the control of tissue specific
promoters, followed by FACS-sorting of those cells. Using cDNA arrays
or cDNA subtraction protocols, genes that are differentially expressed
between different tissues can then be identified. The functional and
molecular characterization of transcriptional targets will add more to our
understanding of how different morphogenetic processes during
gastrulation are regulated on the molecular and cellular level.
Morphogenetically active signaling pathways are likely to exert their
function not only by regulating the transcription of specific target genes
but also by directly modifying intracellular proteins and lipids. For
instance, the Fz/PCP pathway in Drosophila triggers the phosphorylation
of the Myosin Light Chain Regulatory subunit (MLRC), thereby
modulating the cytoskeletal architecture®! (Fig. 2A). Identifying protein
phosphorylation targets of specific morphogenetically active signaling
pathways during gastrulation requires the adaptation of a whole series
of protein-biochemical techniques in zebrafish. Methods such as heat-
shock-promoter driven transgenic lines that allow the conditional
activation of a specific signaling pathway at a certain time during
gastrulation must be established.!37-158 In addition, methods to detect
phosphorylation of specific target proteins, e.g. through the introduction
of radioactively labeled phosphate, need to be developed. The separation
of subcellular fractions of the proteome by two-dimensional gel
electrophoresis, followed by mass-spectrometric analysis, will then help
in identifying differentially phosphorylated proteins. Once specifically-
phosphorylated proteins are identified, a functional analysis of their
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role during gastrulation will yield a deeper understanding of how cell
movements are regulated during this process.

A main challenge beyond the identification of target genes or proteins
is the development of assays that can be used for analyzing cell
morphology and movement during gastrulation. A frequent difficulty
is that phenotypes are subtle, therefore quantitative and sufficiently
sensitive assays need to be developed. As quantitative approaches have
not yet been a stronghold in developmental biology, the establishment
of such assays will significantly rely on finding new ways of incorporating
biophysical methods in those assays. High resolution three-dimensional
timelapse imaging, which allows the quantification of cell morphological
phenotypes, might be one way of providing the starting material.?8
The determination of various morphometric parameters by such imaging
approaches, combined with the use of sophisticated computer programs,
will be an important first step in elucidating the functional role of cell
morphology and movement during gastrulation.

Remaining and Arising Questions

Several genes have been identified that affect cellular movements and
morphology during gastrulation.® In most cases, however, it is still
unclear how these genes function during gastrulation. They might either
instructively determine the pattern of cellular rearrangements within
the embryo or they might function permissively by allowing cells to
interpret any patterning cues. Although these modes are not always
easy to distinguish — as the cellular output might look very much
alike — they fulfill fundamentally different functions. In the case of a
gene involved in instructively patterning morphogenetic movements,
the gene product itself must confer the patterning information that
regulates cell movement and morphology during gastrulation. In
contrast, genes that function permissively only have to possess the ability
to interpret a patterning signal but are not needed to confer any
patterning information themselves. More specific experiments, such as
selective misexpression of candidate genes, will help to distinguish
between these different functional possibilities.
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Not only the mode of action but also the place within the gastrula
and the time during gastrulation where they are required has not yet
been determined for most of the genes implicated in regulating
gastrulation movements.® Although the expression pattern of most of
these genes has been established during gastrulation, this has provided
only a rather global picture about the distribution of RNAs coding for
those genes. In contrast, the endogenous distribution of protein
products for nearly all of those genes is yet unknown. Studies in
Drosophila have clearly shown that the intracellular localization of planar
cell polarity proteins, for example, is the essential step in polarizing
cells within the wing epithelium.%? The generation of functional
antibodies directed against genes with a morphogenetic function during
vertebrate gastrulation will be required to visualize the intra- and
intercellular distribution of those proteins, which in turn might help
to obtain insight into the mechanisms by which these genes function
during gastrulation.

One of the biggest challenges ahead is to identify the complete
spectrum of direct and indirect effects a gene exerts on the regulation
of gastrulation movements. These cell-autonomous and non-autonomous
gene functions might depend on the interaction of cells within a certain
germ layer and also between populations of cells in different tissues
or germ layers. Studies in Xenopus have shown that mesodermal cells
are required for the proper polarization and movement of ectodermal
cells during gastrulation, indicating that the cellular interactions between
the germ layers are important.>® Similarly, in the case of zebrafish, the
yolk cell appears to provide a substrate for the movement of hypoblast
(mesendodermal) and epiblast (ectodermal) cells during gastrulation.!428
It was also shown that the movement of yolk syncytial cell nuclei during
gastrulation resembles the convergence and extension movements seen
in the overlying hypoblast and epiblast cell layers during gastrulation,
suggesting that cell movements are coordinated between yolk cell and
germ layers.!* Tissue- or cell-specific manipulation of cellular movement
and morphology and the subsequent analysis of its effects on other
tissues during gastrulation will be required to obtain insight into the
interaction between different cellular populations during gastrulation.
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How quickly all those questions can be answered will depend on
the development and adaptation of new experimental techniques. As
many of these techniques are already available (although not necessarily
in the gastrulation field), one can expect significant progress in
understanding the molecular and cellular mechanisms that regulate
zebrafish gastrulation movements in the near future.
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The major axes of a zebrafish embryo are established early in its development. One key
structure, centrally involved in the specification of these axes, is the dorsal Organizer. The
Organizer becomes apparent at the beginning of gastrulation and generates signals that
pattern the mesoderm to generate dorsal structures and specifies the neurectoderm. In
addition to providing inductive signals, the Organizer itself will eventually differentiate to
form the axial mesendoderm tissues prechordal plate and notochord. These tissues provide
signals to pattern surrounding tissues and, in the case of the notochord, mechanical support
required for locomotion of zebrafish larvae. Thus, how the Organizer forms and functions
has been a source of great interest in developmental biology. Modern molecular and
genetic studies are now providing a detailed picture of the events controlling both formation
of the Organizer and its activity. Focusing on these events during zebrafish development,
but drawing on results from a variety of other experimental systems, we review dorsal
Organizer establishment and function, differentiation of Organizer tissue to chordamesoderm

and notochord and finally, the patterning and mechanical functions of the notochord.

1. Organizer
1.1. Introduction

Since its publication in 1924 the dorsal Organizer experiment of Spemann
and Mangold has stimulated embryologists and molecular Biologists to
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provide a detailed explanation of its activity. With the genetics and
molecular Biology available to zebrafish and Xenopus researchers, many
details concerning the genes and molecules that establish, maintain and
prosecute Organizer activity have been put forth. Nevertheless, there are
important aspects of Organizer activity that remain unexplained. What
then is known about the Organizer and what questions remain?

The dorsal Organizer of zebrafish first becomes evident during
gastrulation. Its formation, however, is dependent on a cascade of events
that begin before fertilization. Initially, a profoundly polarized egg
containing all of the activities to produce a zebrafish embryo is
produced. After fertilization, zebrafish development can be divided into
distinct phases. The cytoplasm and yolk of the activated egg becomes
separated into animal and vegetal hemispheres respectively. Early
meroblastic cleavages of the cytoplasm produce blastomeres, whose
connections to the yolk are maintained by large fenestrac. By the end
of the cleavage stage, blastomeres exist in three distinct groups. The
centrally located deep-cells will form the embryo proper. The superficial
enveloping layer (EVL) cells will form the outer covering of the
blastoderm. Finally, the marginal cells, which maintain their connections
to the large yolk cell, formally become part of the yolk, contributing
their nuclei and thus forming the yolk syncytial layer (YSL).!™*

In amphibia, the Spemann Organizer was identified by virtue of its
ability to induce a secondary axis when transplanted to the ventral side
of a host embryo. The defining activities of the Organizer are
intercellular signals that perform several distinguishable functions: the
Organizer provides dorsal patterning to the mesoderm; the Organizer
induces convergent-extension movements of ectoderm and mesoderm;
and the Organizer induces neurectoderm and provides signals to pattern
the neurectoderm along the anterior-posterior axis.” Transplantation
studies have shown that structures equivalent to the amphibian Spemann
Organizer are present in the embryos representing the major vertebrate
phyla. In teleost fish, such as zebrafish, the dorsal Organizer is known
as the embryonic shield.®® In avians, the dorsal Organizer is known
as Hensen’s node, and in mammals, the node.”'° The Organizer is not
only a source of its defining signaling activities, but it also normally
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gives rise to the axial tissues, prechordal plate and notochord, which
are essential for specification of midline structures, such as the ventral
part of the brain and spinal cord. How then is the Organizer specified?

1.2. Specification of the Organizer

To understand how the Organizer is specified, it is convenient to split
the problem into two component processes: dorsal determination and
mesoderm induction. Both embryological experiments and molecular
analyses support the notion that the processes can be separated and
that they work together to generate the specialized mesoderm that
constitutes the dorsal Organizer.

Dorsal specification

By the first cleavage of an amphibian zygote, dorsal determinants are
segregated by a process known as cortical rotation.!! This event
establishes a group of vegetal cells shown by Nieuwkoop to induce a
full secondary axis without contributing to axial tissues.!? This group
of vegetal cells constitutes a signaling center, termed the Nieuwkoop
center, which induces the formation of Organizer tissue. Neither the
dorsal determinants nor the Nieuwkoop center signals are known in
precise molecular detail. A strong clue as to their identity was provided
by the observation that overexpression of the secreted signaling
molecule, Wntl, could induce a secondary axis in Xenopus laevis.!3 At
about the same time the molecular details of Wingless/Wnt signaling
were being reported in Drosophila melanogaster molecular genetic
studies. In particular, the protein armadillo was shown to play a key
role in Wingless signal transduction.!*'6 The vertebrate homolog of
armadillo is a protein called B-catenin, which was known to be associated
with the cell adhesion complexes of the Cadherin class. Antibodies
directed against B-catenin were found to induce axis duplication in
Xenopus.'” Indeed overexpression of B-catenin itself in either Xenopus
laevis or zebrafish was found to induce formation of a full secondary
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axis.'®1% In concert with transcription factors of the TCF/LEF family,
B-catenin induces the expression of genes such as siamois and twin in
Xenopus laevis, which are thought to participate in Organizer
specification.?0-23

The cortical rotation in amphibia, which is known to be microtubule-
dependent, leads to the activation of B-catenin and the subsequent
formation of a Nieuwkoop center. The equivalent process in teleost
fish is not clear, but does apparently culminate in the localization of
B-catenin at the dorsal side.?* Direct manipulations of developing
zebrafish embryos have been used to define the zebrafish equivalent
of a Nieuwkoop center. For example, in studies where the vegetal third
of the yolk cell is removed within 20 minutes post-fertilization, the
embryo becomes completely ventralized.?® Such embryos lack all dorsal
mesoderm, neurectoderm and the most anterior 14-15 somites,
indicating that a vegetal determinant localized within the yolk cell acts
to specify the Organizer. In other studies, disruption of microtubules
in the early embryo has shown that an activity located in the vegetal
hemisphere, dependent on microtubule transport, is necessary for shield
formation and correct axis specification.?® Thus, although no obvious
cortical rotation takes place in activated zebrafish eggs, a microtubule
dependent process is apparently required for the proper activation of
B-catenin in the correct region.

Additional clues as to the nature of B-catenin localization and
activation are given by analysis of the maternal mutation zchabod. Mutant
embryos are severely ventralized and are phenotypically similar to
ventralized embryos generated by ablation of the vegetal yolk cell region.
Mutant embryos from a homozygous ichabod mutant female can be
rescued by injection of B-catenin.?” Thus, activation of B-catenin on
the dorsal side by some unknown factor, possibly involving zichabod,
produces Organizer-inducing activity that may reside in the YSL,
marginal blastomeres or both.?*

Cellular and molecular evidence suggests that the zebrafish functional
equivalent of the Nieuwkoop center may be distributed between the
YSL and dorsal marginal blastomeres. By injection of RNAse, Chen
and Kimelman have shown that the RNAs in the YSL are required for



Development of the zebrafish Organizer and notochord — 91

its ventrolateral and mesodermal inductive capabilities, as well as for
the induction of Nodal-related gene expression in the ventrolateral
marginal blastomeres.?® This study further demonstrated, however, that
the YSL-derived mRNA is not essential for the induction of the dorsal
mesoderm, suggesting that dorsal specification is due to the stabilization
of B-catenin in dorsal marginal blastomeres. So what then are the targets
of activated B-catenin?

In Xenopus lnevis, dorsal activation of (-catenin is known to induce
Organizer specific homeodomain transcription factors such as siamois
and twin.20723 In zebrafish, severely affected b0z mutant embryos show
complete loss of the axial mesendoderm tissues prechordal plate and
notochord.?>30 The bozozok/dharma/niewwkoid (boz) gene, encoding
a homeodomain containing protein, is also regulated by activated
B-catenin.31-3% Although siamois and twin diverge from the zebrafish
boz in primary sequence, they appear to play a similar role to boz in
Organizer specification and there are several lines of evidence that place
boz downstream of B-catenin in this pathway.3* Overexpression of cRNA
encoding a constitutively activated B-catenin will induce boz expression
in wild-type embryos, as well as induce axis duplication in b0z mutant
embryos, but does not rescue axial mesendoderm. In contrast,
overexpression of constitutively activated Taram-A, a type I activin
receptor, in boz mutant embryos is sufficient to induce both axis
29.35 Finally, injection of boz
cRNA is sufficient to rescue ventralized ichabod mutants.?”

Although boz is clearly involved in dorsal specification, there are key
Organizer activities that b0z does not control. By morphological criteria,
severely affected oz mutants have an incomplete Organizer. For

duplication as well as axial mesendoderm.

example, b0z mutants fail to express dorsal determinants such as chordin
and dkkl, lack axial mesoderm and are defective in anterior neural
specification. This range of defects is similar to those produced by
complete surgical ablation of the shield region, which results in a loss
of normal shield-derived tissues and central nervous system (CNS)
patterning defects.” Despite the CNS defects seen in either foz mutant
or shield-ablated embryos, both the anterior-posterior (AP) and dorsal-
ventral (DV) axes of the embryo are specified. This suggests that the
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primary action of boz is the specification of axial mesendoderm, and
that other factors specify the Organizer’s neural inductive and
neurectodermal patterning activities.

Mesendoderm induction

The Organizer is made of cells that will give rise to mesoderm of
the midline. To understand Organizer formation, it is therefore
essential to understand how mesoderm is induced. Among his other
achievements, Nieuwkoop demonstrated that a signal, emanating from
the vegetal region of the embryo, is responsible for the induction
of mesoderm in the overlying cells at the embryonic equator. This
observation has been exploited to identify secreted molecules that
control mesoderm formation. Screens for secreted mesoderm-inducing
factors identified members of the fibroblast growth factor (FGF)
family, and transforming growth factor 3 (TGFB) superfamily. Among
these factors Activin was shown to possess morphogen activity, since
it was able to induce different mesoderm types at varying
concentrations.3%3” In addition, Activin was shown to be sufficient
to induce the formation of dorsal mesoderm, i.e. Organizer.3” More
recent studies implicate Nodal-related proteins as essential inducers,
rather than Activin, where the Nodals and Activin operate though
a common signal transduction mechanism reviewed by Schier and
Shen.3” To understand how Nodal gene expression is controlled then
becomes an important issue.

Loss-of-function studies in Xenopus implicate a member of the
T-box transcription factor family known as VegT to be in control of
the initial expression of Nodal-related genes.38*! VegT is localized
to the vegetal region and at mid-blastula transition activates zygotic
signals essential for correct patterning of the developing embryo.
Indeed in the absence of VegT activity, Nodal-related growth factors
fail to be expressed.*?*3 Although there is a zebrafish homolog of
VegT, encoded by the spadetail locus, it is not expressed maternally
and loss of spadetail tunction does not produce the same range and
severity as loss of VegT function in Xenopus laevis.** Hence a T-box



Development of the zebrafish Organizer and notochord — 93

protein functionally analogous to VegT has yet to be identified in
zebrafish.

Genetic studies in mouse and zebrafish demonstrate the essential nature
of Nodals in mesoderm induction.*>#° Two zebrafish Nodal-related
proteins, Squint and Cyclops, play essential though redundant roles in the
specification of zebrafish mesendoderm. The combined loss of Squint and
Cyclops leads to complete loss of endoderm and a loss of all mesoderm
except for a few somites in the tail.*¢ This phenotype is copied by the
maternal and zygotic loss of the Nodal co-receptor One-eyed pinhead or
the overexpression of Nodal antagonists, such as Antivin/Lefty-1.50:°1
Despite the lack of mesoderm in Nodal mutants these embryos possess
a neuraxis with distinct anterior and posterior identities.*>%> Hence, at
least two key elements of Organizer activity, neural induction and neural
AP patterning, are manifested in the absence of the Nodal-derived Organizer
tissue. In contrast, ventralized embryos generated by removal of the vegetal
yolk cell region lack not only those tissues absent in the Nodal mutants,
but also neurectoderm, suggesting that other signals, such as an FGF or
another unidentified signal, induce and pattern the neurectoderm.35%

The differentiation of mesodermal tissue in response to Nodal signaling
is complicated by the presence of mesoderm inducers of the bone
morphogenic protein (BMPs) class. A variety of BMPs have been shown
to induce mesoderm of a ventral /posterior character. In addition, when
overexpressed, BMPs suppress the formation of dorsal mesoderm. Given
that several BMPs are expressed in the lateral and ventral margin it is
reasonable to conclude that the BMPs may normally play an antagonistic
role favoring formation of ventral or lateral mesodermal fates over the
most dorsal. Indeed secreted inhibitors of BMPs are among the earliest
dorsal-specific genes expressed. It is not clear, however, whether BMPs
and their antagonists play a definitive role in the establishment of
Organizer tissue; this role may be more pertinent to Organizer function,
with other types of antagonist modulating dorsal specification.

While activation of the canonical Wnt-signaling pathway will specify
dorsal identity during cleavage stages, zygotic activation of the pathway
can suppress Organizer formation. Again, as with the BMPs, it is not
clear whether Wnts and their antagonists have a definitive role in the
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establishment of Organizer tissue, though they clearly are important in
Organizer function.?

In summary, the earliest post-fertilization events establish a gradient
of activated, nuclear-localized B-catenin whose peak activity predicts
the future dorsal side of the embryo. Independently, vegetal signals
specify marginal, mesendodermal fates. The coincidence of high levels
of activated B-catenin with vegetal-derived signals serve to specify the
Organizer, as distinct from ventrolateral mesendoderm. At the dorsal
side high levels of Nodal activity are sufficient to specify dorsal Organizer
fate. Lateral and ventral Nodals are critical for mesoderm formation.
Parallels are readily drawn between zebrafish and amphibian dorsal
specification and mesoderm induction (Fig. 1).

1.3. Structure and Patterning of the Organizer

Soon after the work of Spemann and Mangold, Oppenheimer
demonstrated that the teleost embryonic shield is the equivalent of the
amphibian Organizer. This was confirmed in more recent zebrafish
studies.”8 Importantly, the early studies were extended by micro-
dissection of Organizer tissue, which demonstrated that the Organizer
has separable head and trunk/tail Organizer activities.”>>® The zebrafish
embryonic shield consists of a superficial epiblast layer and a deeper
hypoblast layer sitting on the yolk cell, both covered with the tight-
epithelial EVL. Donor tissue dissected to enrich for deeper layer cells
was often able to induce second axes possessing anterior structures but
completely lacking posterior structures, while superficial layer donor
tissue was often found to induce axes consisting only of posterior
structures. When the two layers are transplanted together a complete
second axis is induced in the majority of experiments.”

Expression patterns of dorsal-specific genes complement the
experimental embryology. By the time the morphological shield is
apparent, expression of the homeobox genes goosecoid (gsc) and floating
head (flh) is confined to the deep and superficial layers respectively.
The regions fated to become prechordal plate and notochord are
distinguishable through the expression of gsc and fIb in the respectively
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Zebrafish:
Vegetal Factor —» mb-catenin —» bozozok —» Nodal

Xenopus:
Cortical Rotation — m-catenin —» siamois —» Nodal
and twin

Fig. 1 Early development in fish and frogs. A comparison of events underlying early
establishment of the dorsal-ventral axis in Xenopus and zebrafish is shown. Vegetal factors
in zebrafish or cortical rotation in Xenopus result in the activation of B-catenin at the
dorsal side, which will constitute the YSL /Nieuwkoop center. Nieuwkoop center activity
leads to expression of boz in the zebrafish and siamois and twin in frog, which are thought
to act to amplify the maternal signal and results in the induction of Nodal expression.
Nodal signaling then acts to pattern the developing mesoderm, which include the
developing Organizer.

fated regions.>*->® Prior to the formation of the embryonic shield the
dorsal region fated to form prechordal plate resides close to the
blastoderm margin and expresses gsc, whereas the notochord progenitors
are situated further from the margin and express f14.°%%° Studies on
the induction of both gsc and fIh in the Organizer have shown that
the differential activity of Nodals is necessary for the correct patterning
of the Organizer AP axis.’® Overexpression of sqt and cyc at different
doses induces f7h at low doses and both f7h and gsc at higher doses,
showing that Nodal signaling is vital for the patterning of the Organizer
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Prechordal Plate
(gsc)

Notochord
(fih)

Fig. 2 Organizer structure and fate. Left Panel: Nodal signals pattern the Organizer
(shield) at shield stage to form two distinct types of tissue. The highest levels of Nodal
signaling give rise to the deep prechordal plate, gsc expressing, domain; while lower levels
of Nodal give rise to the superficial notochord domain expressing f74. Right Panel: In a
24-hour embryo, the prechordal plate and notochord are highlighted to show the fates
of the deep and superficial shield regions. The deep, gse, cells in yellow give rise to the
prechordal plate; and the superficial, f74, cells in green give rise to the notochord.

before gastrulation (Fig. 2). This is consistent with the fact that both
sqt and cyc are expressed in the most marginal dorsal blastomeres where
they would expose the marginal, gsc region of the shield, to higher
levels of Nodal signaling.

1.4. Organizer Activities

The defining inductive properties of the Organizer are understood
primarily in the context of grafting experiments (reviewed in Harland
and Gerhart.®) In such assays, Organizer tissue induces the formation
of neural tissue from tissue that would otherwise form non-neural
ectoderm and patterns adjacent mesoderm imparting a more dorsal
character. One successful approach has been to screen ¢cDNA libraries
to identify proteins able to induce dorsal structures in Xenopus lnevis
overexpression assays. Several groups have taken such an approach using
cDNAs from bona fide Organizer tissues or from embryos substantially
dorsalized by treatment with Li*, a treatment that leads to activation
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of B-catenin. Many genes thus identified are specifically expressed within
Organizer and have demonstrated roles in the patterning.?!,37,60,61
Among the most abundant type of molecules identified in such screens
have been secreted antagonists of canonical signaling molecules. Noggin,
Chordin and Follistatin, for example, antagonize BMP activity thus
preventing ventralization and promoting the expression of more dorsal
mesoderm and neural fates.®27%* Similarly, several antagonists of Wnt
signaling have been implicated in the control of DV patterning of
mesoderm, AP patterning of the ectoderm or both. This growing list
of molecules includes Dickkopt (Dkkl) and secreted forms of Fizzled
receptors.

Complementing the overexpression approaches, genetic screens in
zebrafish have yielded several genes underlying the Organizer’s inductive
activities. The mutants swirl/BMP2b, snailbouse/BMP7 and somitabun/
Smad5 all encode components of the BMP-signaling pathway and result
in substantially dorsalized embryos.®-%7 Recently, the zebrafish locus
ogon was found to encode Sizzled. Similar to activities reported for the
Xenopus Sizzled, zebrafish Sizzled was found not to inhibit Wnt8 activity
but instead found to modulate BMP signaling, in a chordin-dependent
fashion.%87% Thus the emerging model of Organizer activity is one in
which secreted factors that antagonize BMP and Wnt signaling establish
a DV gradient within the mesoderm specifying different fates at different
threshold activity levels.>”! While such a simple model is attractive, it
doesn’t fit several observations concerning the specification of fates.
For example, specification of what is considered to be the most dorsal
mesoderm fate, trunk chordamesoderm, is relatively unaffected by
increased or decreased levels of BMP signaling seen in the host of
zebrafish mutants affecting BMP signaling. Thus is seems that BMPs
and zygotic Wnts act in a complicated and not yet fully understood
mechanism, to pattern the established mesendoderm (Fig. 3).

Other constraints on the timing and nature of Organizer activity
arise from experimental embryology. Direct ablation of Organizer tissue
has been achieved both genetically as seen in b0z mutant embryos as
well as surgically.”?*72 In either case, despite the lack of Organizer-
derived tissue, embryos develop with an essentially complete AP axis,
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Ventral Dorsal

Shield

Fig. 3 Antagonistic dorsal and ventral activities. BMP and Wnt signals from the ventral
side of the developing embryo are antagonised by factors expressed within the shield
region. Thus a gradient of signals is created, allowing varying fates to be specified in an
activity-level dependent fashion. This model, though appealing in its simplicity, is unlikely
to be complete and further work will undoubtedly reveal more complex roles for BMP,
Wnts and their antagonists in DV patterning.

i.e. there is a head with an eye, a spinal cord and trunk and tail somites.
Although some embryos lack anterior-most neural tissue, neural
induction and patterning clearly occurs and somites are formed
indicating that the mesoderm has been patterned. Yet the removed
Organizer tissue is fully capable of patterning a secondary axis in hosts.
Thus, either the Organizer, as defined by transplantation assays, is only
transiently required to induce surrounding tissues, or alternatively, the
zebrafish Organizer is a dynamic, possibly regenerative entity as Hensen’s
node seems to be in chick.”37%

After acting to establish the initial body pattern, the Organizer
differentiates and develops to form the axial mesoderm. In the anterior,
Organizer tissue forms the prechordal plate and hatching gland, while
in the posterior, Organizer tissue produces chordamesoderm, which
differentiates to become notochord. Identification of the mutant f7/
provided the first real insights into chordamesoderm specification. This
mutation was isolated from the background of pet store zebrafish stocks
and was found to encode the zebrafish homolog of the Xenopus Xnot
gene.®® In these mutants notochord does not form, but other mesoderm
derivatives, such as prechordal plate and somites are still produced. In
fh mutants, tissue that would develop to chordamesoderm is mis-
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specified to become somite and tissues dependent on notochord
signaling, such as hypochord and floorplate, largely fail to form.”® In
the control of chordamesoderm specification fIh was found to interact
genetically with another locus spz, which we have discussed previously
in another context. In the absence of spt gene product, somitic tissue
normally destined for the trunk is mis-localised to the tail,”” a function
somewhat distinct from the known function of the closest Xenopus
homolog.#>** The interaction between fIh and spt was identified in
double mutant embryos. While fIs mutants lack notochord, flh/spt
double mutants possess trunk notochord. Thus the spz mutation is able
to suppress the fIh mutation, suggesting that fIh acts in midline
development to promote chordamesoderm and notochord fate by
suppressing the induction of somatic fates in this region by spz.”8

2. Notochord

2.1. Introduction

The major tissue derivative of the Organizer is the notochord, which
is the defining structure of the phylum chordata. The notochord serves
two main roles in vertebrate development. First, as a mechanical
structure the notochord is the main embryonic skeletal element of lower
vertebrates, important for locomotion. Second, the notochord is essential
for normal development of all vertebrates, providing signals that pattern
adjacent tissues such as the gut, somites and spinal cord. Notochord
development in zebrafish is relatively simple, as the notochord comprises
a single cell type that undergoes a characteristic series of differentiation
events, marked by dramatic morphological changes. Our understanding
of notochord differentiation has been significantly informed by studies
of mutant zebrafish. Phenotypically, the notochord difterentiation process
can be broken into two discrete transitions. In the first step, as we
have discussed, chordamesoderm is specified as a specialized midline
mesoderm, involving b0z and fIh among other loci. The second step
is the transition from chordamesoderm to notochord, which we term
“notochord differentiation”.
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2.2. Differentiation of the Notochord

There are two morphological features that mark the differentiation of
the notochord. First, the cells of the chordamesoderm develop a thick
basement membrane, which forms a sheath surrounding the notochord.
Second, coupled to basement membrane formation, each cell acquires
a large vacuole that exerts turgor pressure against the sheath. Failure
to inflate the vacuoles properly leads to a substantially shortened embryo
that is easily scored. For this reason many mutations atfecting notochord
differentiation were identified in the 1996 zebrafish mutagenesis
screens.”?80 Efforts to identify the mutated genes have lead to some
understanding of the role the basement membrane in notochord
differentiation. For example the sleepy (sly) and grumpy (gup) loci were
found to encode the Laminin y1 and B1 chains respectively.3! Laminins
are well-known essential components of basement membranes, where
a given laminin isoform is a heterotrimer of an «, B and vy chain. In
humans there are five a chains, four $ chains and three <y chains
(reviewed in Colognato and Yurchenco®?). In zebrafish notochord, the
absence of either the Laminin yl or Bl chain leads to a complete
failure to form a basement membrane surrounding the notochord.
Consequently, mutant notochords fail to differentiate as marked by
both a failure of vacuole inflation and the persistent expression of early
marker genes such as echidna hedgehog, sonic hedgehog, al-collagen Type
IT and no tail3° Transplantation studies showed that the missing
Laminin chain could be supplied either by the notochord or by non-
notochordal sources to rescue notochord differentiation. Furthermore,
these studies suggest that either Laminin or another basement
membrane-dependent signal is the notochord differentiation signal.
While pursuit of Laminin receptors has not yielded the notochord
differentiation signal, it has led to the development of a zebrafish model
of muscular dystrophy.83

Three other notochord differentiation mutants, dopey (dop), happy
(bap) and sneezy (smy) were grouped because, in addition to the
notochord defects, much later in development embryos undergo
widespread apoptosis. As with the Laminin mutants, dop, hap and sny
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notochords fail to form normal vacuoles, persistently express early
markers, such as sonic hedgehog and have a disrupted sheath. Recent
work indicates that these loci encode essential components of
intracellular vesicular transport machinery, important for the secretion
of basement membrane components and vacuole formation.8* Thus, as
with the Laminin mutants, a link is drawn between basement membrane
formation and notochord differentiation.

In the last class of notochord differentiation mutations are doc and
no tail (ntl), which both lead to the persistent expression of some early
markers and failure of vacuole formation, but possess normal basement
membranes. Transplantation experiments show that the notochord
differentiation defect is cell-autonomous for both n#/ and doc.”%%> Of
these two loci, doc has the most notochord-specific defects. While nz/
mutants fail to generate tails, in the trunk region they are phenotypically
very similar to doc mutants, where the only observed defects are in
notochord differentiation coupled to a failure to signal surrounding
tissues. A detailed understanding of the upstream factors controlling
doc and ntl should elucidate the nature of the notochord differentiation
signal. An understanding of their downstream effectors will tell us how
differentiation is manifested.

In nt#/ mutants the chordamesoderm develops normally but arrests
development prior to notochord differentiation. In contrast to fIh
mutant, in which chordamesoderm is converted to somitic mesoderm,
the fate of n#/ mutant chordamesoderm is not clear. Some cells may
die by apoptosis but other cells end up in the spinal cord and have
been interpreted to form the medial floorplate, although some of these
cells inappropriately express #t/ mRNA at stages when ntl expression
is normally extinguished.8® What is clear, however, is that ##/ encodes
a zebrafish homolog of the mouse T brachyury, a T-box transcription
factor.8¢87 Moreover, there is good evidence that nt/ expression, like
its counterpart in Xenopus, Xbra, is substantially controlled by FGF
signaling.**%% During normal development, n# is first expressed by
marginal cells in late blastulae and early gastrulae, and then in
internalized deep cells and is maintained only in chordamesoderm.
Double mutant studies of n#/, fIh and cyc have helped establish the
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relationship between these genes in control of midline identities. Despite
the dramatic loss of floorplate cells in ¢yc mutant embryos, double
mutant »tl/cyc embryos display an apparent rescue of floorplate.
Similarly, the majority of ntl/flh double mutants were found to be
most similar to »#/ single mutants with a rescue of midline tissue not
found in fIh single mutants.?’ In the case of n#l/flh double mutants,
since no ambiguous marker of floorplate was used in the analysis, it
is formally possible that undifferentiated chordamesoderm, persistently
expressing early marker genes, has infiltrated the ventral neural tube.
It is clear, however, that midline tissue not present in fIJ/ mutant
embryos is rescued in the nt//flh double mutants. While »#/ single
mutants suggest a role for »z/ in notochord differentiation the double
mutant results show that »#/ also has a role in chordamesoderm
specification. Considering that rescue of midline mesoderm also occurs
in spt/flh double mutants and that nt//spt double mutants have no
trunk mesoderm, it appears as though ntl has some function partially
overlapping with other T-box genes.”®?? One hypothesis is that ntl,
spt and flh are controlling the choice between medial floorplate and
chordamesoderm fate, as seen with the »t//fIh double mutants, and
between medial and lateral fate, as seen with the spz/flh double mutants,
and the three competing activities are balanced through feedback loops,
possibly involving Nodal or FGF signaling, to ensure the appropriate
amount of each tissue is specified.?1=93

2.3. Patterning of Surrounding Tissues by the Notochord

The most studied signaling role of the notochord is in the patterning
of the neural tube. The neural tube develops distinct cell types at specific
locations along its dorsal-ventral axis. The notochord, situated just
ventral to the neural tube, was thus considered a strong candidate for
a source of patterning signals. Embryological work performed with chick
demonstrated that the notochord is able to coordinate correct neural
tube formation, and that the absence of notochord results in abnormal
formation of the neural tube.®*?5 Ablation of the notochord and the
floorplate, which is itself dependent on notochord-derived signals,
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prevents the differentiation of motor neurons and other ventral neuronal
cell types in chicken as well as zebrafish.”?%?7 Moreover, grafting either
the notochord or the floorplate to the dorsal midline of the neural
tube suppresses dorsal neural tube fates and promotes the ectopic
formation of ventral neuronal cell types.®”?% Similar studies demonstrated
that a diffusible signal, derived first from the notochord and later from
the floorplate, patterns the neural tube.”®

The diftusible signal involved in neural tube patterning was identified
as Sonic hedgehog (Shh).19%:101 Tn zebrafish there are three hedgehogs
expressed in the midline: echidna hedgehoy in the chordamesoderm,
tiggywinkle hedgehog in the floorplate and sonic hedgehgg in both,102-104
Shh is essential for correct patterning of the neural tube and also
formation of the floorplate, since blocking Shh function with antibodies
prevents floorplate formation and causes incorrect patterning of the neural
tube.!%> Genetically null mice lacking Shh also fail to form floorplate
and proper neural tube.!% It was observed, however, that ectopic Shh
alone cannot induce formation of the floorplate.!?” Explants of chick
neural plate treated iz vitro with a combination of Shh and Chordin,
a BMP antagonist normally expressed by the notochord, developed
floorplates suggesting a mechanism of floorplate induction whereby the
notochord produces Chordin to inhibit the dorsally-derived BMPs,
generating a permissive environment in which Shh can induce floorplate.
The prevailing view holds that the combination of Shh produced ventrally
and BMPs produced dorsally establish opposing gradients that provide
DV position information in neural tube. Shh is initially expressed by
the notochord and then by the floorplate, with its expression becoming
confined to the floorplate later in development. This establishes a gradient
of Shh that promotes specification of ventral cell types while repressing
dorsal identities in the ventral neural tube (Fig. 4).

Both muscle fiber type and the characteristic chevron shape of
zebrafish somites is controlled in part by notochord-derived hedgehog
signals. Normally adaxial cells, which form immediately adjacent to the
chordamesoderm and express myoD, will migrate to the outer surface
of the developing muscle and differentiate to form slow-twitch muscle
fibers.!9 A few adaxial cells eventually express Engrailed and become
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(1) (2)

Neural Tube

Floorplate

Notochord
Shh from the notochord As Shh from the floorplate is
acts to induce floorplate, expressed, it ceases in the
which then also expresses notochord. Floorplate Shh then
Shh. acts to pattern the neural tube.

Fig. 4 Patterning of the ventral neural tube. (1) Hedgehog proteins, such as Shh,
produced by the notochord act early to pattern to induce floorplate. (2) Once the floor
plate is formed, Shh, as well as Echidna hedgehog expression is extinguished in the
notochord but Shh and Tiggywinkle hedgehog continue to be expressed in the floorplate.
This generates a gradient of Hedgehog activity in the neural tube, which specifies ventral
fates while suppressing dorsal fates.

the muscle pioneer cells that define the horizontal myoseptum and the
chevron shape of the somite. When ligand-activated hedgehog signaling
is abolished as in slow-muscles-omitted (smu) mutants, which lack the
hedgehog signal transduction component Smoothened, slow-twitch
muscle fibers as well as the Engrailed-positive muscle pioneers fail to
form.1%% Similarly, mutants lacking Shh (sonic you) or Gli2 (you-too), a
transcription factor that mediates hedgehog signaling, fail to form muscle
pioneers and slow-twitch muscle fibers.'19-113 In notochord
differentiation mutants, the somites take on an abnormal ‘U’ shape
due to their failure to form horizontal myosepta and show compromised
Engrailed expression despite the persistent expression of the midline
hedgehogs in undifferentiated notochord.”®-8% This most likely results
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from a diminished capacity to transmit the signal from the notochord
to the forming somites.3!

A role has also been demonstrated for the notochord in the development
of the heart and vasculature. Removal of the anterior region of the
notochord has been shown to cause an increase in the size of the expression
domain of Nkx2.5, a marker for the region fated to become the heart,
indicating a role for notochord in suppressing heart formation thereby
defining the posterior limit of the heart field.!'* Several lines of evidence
demonstrate the role for the notochord in formation of the major blood
vessels of the trunk. In both »#/ and fI/ mutants the dorsal aorta (DA)
fails to form.!1116 The DA and posterior cardinal vein (PCV) form in
a highly conserved fashion in vertebrates, with the DA forming just ventral
to the notochord and the PCV forming dorsal to the trunk endoderm.
Vascular endothelial growth factor (VegF) is vital for the correct formation
of these vessels and is thought to be sufficient for arterial specification.
Overexpression of VegF mRNA in zebrafish embryos leads to ectopic
expression of ephrin-b2a, an arterial marker, in tissue that would otherwise
be venous.!'” Recent work also indicates a role for Shh in blood vessel
formation. Mutants deficient in Shh were found to lack ephrin-b2a in the
vasculature. Interestingly VegF overexpression was sufficient to rescue arterial
differentiation in the absence of Shh. In contrast, VegF was unable to
rescue arterial defects in notch-signaling mutants. Taken together these
data suggest a model of blood vessel formation whereby Shh emitted
from the notochord induces the expression of VegF in the somites, with
VegF then acting in the DA in a Notch-signaling dependent fashion to
induce proper arterial development.

The notochord has instructive roles in development of both the
pancreas and the hypochord. By mechanically separating notochord from
endoderm, expression of markers normally associated with pancreatic
development are extinguished.!'® In culture, presumptive pancreatic
endoderm, unable to express pancreatic markers on its own, will express
them in the presence of notochord. When cultured with other
endoderm, however, pancreatic markers are not induced, suggesting
that the notochord is only able to induce pancreatic development
permissively in preconditioned endoderm.
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The hypochord is a transient rod-like structure situated immediately
ventral to the notochord. The hypochord also expresses high levels
VegF and so may well be an important source of signals in the
development of the vasculature.!'® It has been noted that removal
of the notochord during early neurulation stages results in a failure
of hypochord formation, whereas removal of the notochord later in
development does not.!?? Thus notochord-dependent hypochord
induction is complete by late neurula stages. Chick transplantation
studies in which notochord is grafted adjacent the endoderm, have
demonstrated that the ability of endoderm to form hypochord is
restricted to the dorsal-most region of endoderm. Moreover Notch
signaling is essential for hypochord development.!?! Although specific
roles have not been assigned, candidate notochord-derived signals
controlling hypochord induction include Shh, Activin-BB and
FGF2.122

To summarize, the signaling activities of the notochord include:
patterning of ectoderm; specification of DV pattern in the neural tube;

Fig. 5 Overview of the patterning activities of the notochord. Hedgehogs from the
notochord induce floorplate and act in early patterning of the neural tube. Once floorplate
is induced, hedgehog expression is extinguished in the notochord and Hedgehogs produced
by the floorplate continue to pattern the neural tube. Sonic hedgehog and Ehh (Echidna
hedgehog) are also involved in patterning the somites and signaling to the somites is
able to induce VegF in the somites which then acts to pattern the dorsal aorta (NT, neural
tube; SO, somites; FP, floorplate; NO, notochord; DA, dorsal aorta; PCV, pericardinal
vein).
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induction of somite, vascular and cardiac mesodermal tissues; and
patterning of the pancreas and hypochord endodermal tissues (Fig. 5).

2.4. Mechanics of Notochord Structure and Development

The notochord plays an important mechanical role in the development
of early embryos, especially in lower vertebrates in which it acts as the
major skeletal element important for locomotion. The notochord consists
of a stack of single cells, each of which acquires a large vacuole,
surrounded by a thick sheath of basement membrane. This sheath serves
as a physical boundary to limit and control the length and shape of

Differentiation of the notochord
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Fig. 6 Mechanical aspects of notochord development. (1) Early in notochord
development, the vacuoles of the cells have not inflated and no pressure is exerted on
the sheath. As such, the notochord lacks rigidity and provides no support. Cells at the
anterior of the notochord inflate and differentiate first, pushing the cells further posterior.
(2) As differentiation proceeds, the vacuoles inflate and cells push against the sheath
generating hydrostatic force, and the notochord is able to provide support to the
developing embryo. As more cells inflate there is a continued movement of cells to the
posterior. This elongation, combined with the generated stiffness resulting from inflation
causes elongation of the embryo. Once cells have fully inflated, the forces between the
cells and sheath are equal and inflation ceases.
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the notochord. Turgor pressure, generated by the vacuoles, is
constrained by the fibrous sheath, acting to strengthen and stiffen the
notochord (Fig. 6). In vitro experiments with Xenopus notochord show
that notochord vacuoles will respond to environmental osmolarity,
causing the notochord to lengthen and stiffen under physiological
osmolarities, and to become flaccid under conditions of higher
osmolarity.!?? The lengthening and stiffening of notochord was not
observed at stages prior to sheath formation.

Notochord cells differentiate in an anterior to posterior wave.
Consequently, the large change in cell volume of anterior cells pushes
more posterior cells toward the tail, thus extending the notochord
(Fig. 6). This extension is driven by inflation of the vacuoles constrained
by the sheath. This stiffens the notochord, preventing buckling caused
by movements of the embryo. Notochord cells are effectively pushed
to the posterior, within the tube formed by the sheath, since strong
mechanical connections, in the form of hemidesnosomes, between
notochord cells and the sheath are not formed until notochord cells
are mature.!?4

Fibers of the sheath are arranged carefully and deliberately. Electron
micrographs of transverse sections through the notochord show that
the fibers are arranged to run both parallel and perpendicular to the
notochord (Fig. 7).8! Studies of the fiber angle in the notochords of
Xenopus embryos demonstrated that the average fiber angle in the sheath
is 54°. This angle means that the sheath is able to resist longitudinal
and circumferential stress equally, so that if the shape of the notochord
were determined solely by the inflation of the notochord cells, then
the length/diameter ratio would always remain constant.!?3

The notochord is constrained in another way that limits the type
of tail movements an early embryo can make. If the structure of the
notochord consisted only of a thick sheath filled with vacuolated cells
it would be able to bend in any direction. The notochord, however,
is mechanically coupled to two other structures that serve as restraints.
Dorsal to the notochord is the floorplate, which expresses many of the
same extracellular proteins as the notochord, such as al Collagen
Type 11.125 Ventrally, the hypochord expresses similar proteins. These
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Inner Sheath Layer
Fibres running longitudinal to the notochord.

Outer Sheath Layer
Fibres running parallel to the notochord.

Fig. 7 Notochord structure. The basement membrane sheath that surrounds the
notochord is vital for the generation of hydrostatic force, which enables the notochord
to act in support and elongation. To maximize the strength of the sheath it is formed of
two layers of longitudinal and parallel to the AP axis of the notochord.

Situated dorsally and ventrally to the notochord respectively, the floorplate and
hypochord are able to resist compression and tension and therefore provide support on
both the dorsal and ventral side. This then limits the movement of the notochord to
only the lateral plane and as such, focuses any movement from the somites into this plane,
resulting in the swimming movements of the embryo.

two structures serve as cables running along the top and bottom of
the notochord limiting the notochord to movement in the horizontal
plane (Fig. 7). Thus any force exerted on the notochord by surrounding
muscle will only result in a left-right movement of the tail, consistent
with the requirements for forward locomotion.

In summary, cells of the notochord act, by inflation of their large
characteristic vacuoles, to generate a force to support the embryo. The
cells enlarge and exert pressure on the thick sheath of basement
membrane that surrounds the notochord generating a hydrostatic force.
This inflation also acts to elongate the embryo, since an absence of
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this inflation leads to drastically shortened embryos. The inflation, which
begins at the anterior end of the notochord and proceeds towards the
posterior, effectively pushes the posterior cells towards the posterior as
they expand. These cells then expand and exert the same force on their
neighboring cells, resulting in a general extension of the embryonic
AP axis.
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The most ventral cells of the vertebrate neural tube, the floor plate, comprise a specialized
group of cells distinct in form and function from the rest of the neural tube. These
cells have been ascribed many functions, ranging from the differentiation of motor neurons
that innervate specific muscle cell types in the body, to providing cues for the correct
path-finding of various axons. Here, we summarize the process by which the floor plate
develops in a few model vertebrate organisms, the various functions of the floor plate,
and the molecular nature of signals emanating from the floor plate. Finally, we assess
the prevailing models of how the cells of the floor plate are thought to arise.

1. Introduction

Understanding the development of an organism that can think,
remember, and coordinate conscious and unconscious bodily processes
has been one of the most challenging problems in biological research.
Over the past several decades, a lot of effort has been directed towards
understanding the process of neurulation, one of the most important
steps during vertebrate embryonic development. Neurulation includes
the induction of the neural plate and the formation of the neural tube,
the rudiment of the central nervous system (CNS). The anterior portion
of the neural tube gives rise to the brain, and the more posterior parts
give rise to the spinal cord — the simplest and most conserved region
in the vertebrate CNS.

At early stages in the development of the spinal cord, three major
classes of cells are generated in the ventral neural tube: floor plate
cells at the ventral midline, motor neurons at ventrolateral positions,
and interneurons at more dorsal locations. On the other hand, the
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dorsal neural tube initially gives rise to neural crest cells, and
subsequently, to roof plate cells, commissural neurons, and several
classes of dorsal sensory relay interneurons. Despite the complexity
of the vertebrate CNS, detailed studies of the individual cell types
that comprise the neural tube have made advances towards the
understanding of the diversity and pattern in the developing CNS.
In this chapter, we focus on a transient group of cells in the CNS,
the cells of the floor plate, a structure that occupies the ventral
midline of the developing spinal cord, hindbrain, midbrain, and
caudal forebrain.

Located along the ventral midline of the neural tube, the floor plate
acts as a transient embryonic organizing center and as a source of
signals that patterns adjacent cells. These activities of the floor plate
are critical for the proper development of the CNS. For instance, the
organization of axons in the CNS, the regulation of cell differentiation
along the dorsoventral axis of the neural tube, and the induction and
differentiatin of motor neurons, are all functions that require a functional
floor plate.

The identification of important functions of this ventral neural
cell type has also led to a lot of interest in the origin of the floor
plate cells. Many studies have provided evidence that the
differentiation of the floor plate requires inductive signals provided
by notochord, a rod-like group of cells running from the level of
the hindbrain in embryonic head to the tail in vertebrates. In vivo
and iz pitro experiments performed in several different model systems
have provided evidence to support the concept that the notochord
is a key cellular source of inductive signals for floor plate
differentiation. However, more recent data challenges this textbook
version of the organizational chart of notochord for the origin of
the floor plate. Experimental evidence from the chick and zebrafish
suggest that there may be more to floor plate differentiation than
a single inductive signal provided by the notochord. In this chapter,
we focus on the roles of floor plate in CNS and discuss the recent
advances in the understanding of the molecular steps in floor plate
development.
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2. Overview of the Neural Tube

2.1. Formation of the Neural Tube: Neurulation

In vertebrates, gastrulation results in an embryo with an internal
endodermal layer, an intermediate mesodermal layer, and an external
ectodermal layer of cells. The epidermis, the central and peripheral
nervous systems, and some non-neuronal cells of the head and heart are
derived from ectoderm. During the third week of gestation in chick, a portion
of the dorsal ectoderm is specified to become neural ectoderm — this region
of the embryo is called the neural plate. The process by which the
neural plate forms the neural tube is called neurulation.

In vertebrates, the process of neurulation occurs differently in ditferent
regions of the body. The head and trunk regions both undergo variants
of primary neurulation, and this process occurs in four steps'=:

(I)  Formation of the neural plate. The process that transforms the
general embryonic ectoderm into a thickened neural plate is
typically described as neural induction. The first morphological
response of the embryonic ectoderm to neural specification that
can be detected is an increase in the height of cells destined to
become components of the nervous system. These transformed
cells, known as neuroepithelial cells or neuroectoderm, are evident
as a thickened neural plate that is visible on the medial dorsal
surface of the early embryo (Fig. 1A and 1la).

(IT)  Shaping of the newral plate. This step involves the concomitant
narrowing and lengthening of the neural plate. At the time of
its formation, the neural plate is shaped like a spade, being
relatively wide mediolaterally and short rostrocaudally.

(II1) Bending of the newral tube. The term “neurulation” specifically
refers to this stage. The major portion of the neural tube is thus
formed through the process of primary neurulation. In primary
neurulation, lateral folding or bending of the neural plate results
in elevation of two walls, the neural folds, flanking a midline
ventral depression, the neural groove (Fig.1 B, C and 1b, 2, 3).
The original ectoderm is divided into three sets of cells: (i) the
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Fig. 1 Primary neurulation. (A-D): Scanning electron micrographs (A-D) and
diagrammatic representations (1—4) of neural tube formation in the chick embryo. (A, 1)
Cells of the neural plate can be distinguished as elongated cells in the dorsal region of
the ectoderm. Folding begins as the medial neural hinge point (MHP) cells anchor to
notochord. (B, 2) The neural folds are elevated as presumptive epidermis moves toward
the dorsal midline. (C, 3) Convergence of the neural folds occurs as the dorsolateral hinge
point (DLHP) cells become wedge-shaped and epidermal cells push toward the center.
(D, 4) The neural folds fuse, and the neural crest cells disperse, leaving the neural tube
separate from the epidermis. (Plates 1-4, Kathryn Tosney; reproduced with permission
from Developmental Biology, 5™ ed., Gilbert S.)
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internally positioned neural plate; (ii) the externally positioned
epidermis of the skin; and (iii) the neural crest cells that connect
the neural plate and epidermis.

(IV) Closure of the neural groove and formation of the neural tube
(Fig. 1 C, D and 3, 4). This consists of apposition of the two
dorsolateral apical surfaces of the neural folds, their fusion at the
dorsal midline, and separation of the completed segment of the
neural tube from the overlying ectoderm.

Caudal to the posterior neuropore, the neural tube is formed by
secondary neurulation. Secondary neurulation usually occurs during the
production of the lumbar and tail vertebrate. It can been seen as a
continuation of gastrulation. In the secondary neurulation, a rod-like
condensation of mesenchymal cells forms beneath the dorsal ectoderm
of the tail bud. Within the mesenchymal rod, a central canal forms by
cavitation. This central canal becomes continuous with the one formed
during primary neurulation and closure of the posterior neuropore.*?
In avian systems, the anterior portions of the neural tube are constructed
by primary neurulation, while the neural tube caudal to the 27-somite
pair is made by secondary neurulation.>® In mice, similar to the chick,
secondary neurulation begins at or around the level of 35-somite
stage.”® Neurulation in fish is thought to be exclusively secondary. In
amphibians, most of the tadpole neural tube is made by primary
neurulation, but the tail neural tube is derived from secondary

neurulation.’

2.2. The Floor Plate: A Transient Structure in the CNS
Which Forms during Neurulation

At ecarly stages of ventral neural tube development, cells of the floor
plate, an epithelial structure located ventrally in the neural tube, are
among the first to differentiate at the ventral midline soon after neural
plate formation (Fig. 2). Morphologically the floor plate is made up
of columnar ependymal cells, recognizable by their characteristic wedge-
shaped appearance that span the width of the neural tube at its
ventral midline.!® In higher vertebrates, this group of cells is about
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1
Midline o

Fig. 2 Schematic views of the position of the floor plate in the neural plate and
neural tube. (A) Structures formed during embryogenesis. Early embryogenesis is
characterized by a series of morphogenetic movements during gastrulation, which establish
the three primary germ layers — the ectoderm, mesoderm and endoderm. At the end of
this process, the mesoderm (the future muscle and bone) comes to rest sandwiched
between the ectoderm (the future nervous system) on the outside of the embryo, and
the endoderm (the future gut) on the inside. (B) Transverse section through the neural
tube showing the position of notochord (N) and floor plate (FP) at late stages of neural
tube development. (A, modified from Blader and Strahle, 1998).

15-20 cells wide in day 11-12 rat embryos.!!12 The analysis of the
expression of various immunocytochemical and molecular markers of
the ventral neural tube in several vertebrate species has shown spatially
restricted expression patterns. The analyses of gene expression patterns
within the ventral neural tube indicates that this group of cells is
heterogeneous and includes two distinct cell populations, the medial
floor plate (MFP) and the lateral floor plate (LFP).!* Along the
embryonic body axis, the floor plate extends through the midbrain
into the caudal forebrain and ends near the mammillary region.!?14-18
In zebrafish, the floor plate extends from the spinal cord through
the hindbrain and midbrain but not apparently into the caudal
forebrain.!” In transverse sections of the spinal cord, the floor plate
comprises a single large cell at the ventral midline called MFP which
is distinct morphologically and antigenically from other spinal cord
cells.’ In zebrafish, the floor plate also includes the cells immediately
flanking the MFP cell, called LEP cells, and in transverse sections,
the entire floor plate appears to be 3—4 cells wide.?02!
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2.3. Signals Involved in Polarization within the Neural Tube

2.3.1. Shh, a major signaling molecule in ventral neural tube
patterning

At early stages of ventral neural tube development, three main classes
of cells are generated: floor plate cells, motor neurons and ventral
interneurons?? (Fig. 3C). The molecular basis of neurulation has begun
to be elucidated with the identification of several candidate genes, which
when mutated, perturb neurulation. Sonic hedgehog (Shh) is an
important signaling molecule required for proper patterning of the
ventral neutral tube.?®?* Shh is a member of the Hedgehog family of
signaling molecules identified by homology to the Drosophila Hedgehog
(HH).2> Shh is proteolytically cleaved to produce two secreted
proteins?®?7: a 19KDa N-terminal peptide (Shh-N) that mediates all
signaling activities in several vertebrate and invertebrate species,?® and
a 25 KDa C-terminal protein (Shh-C) that possesses protease activity.?”2?
The patterning of ventral cell fates is controlled by Shh-N that represses
the expression of several transcription factors in cells at medial positions
within the neural plate as described below. When the caudal neural
plate is formed, cells at mediolateral positions express the homeodomain-
containing transcription factors, Pax3, Pax7, Msx1, and Msx2.3%-3* The
expression of these genes is rapidly repressed in medial neural plate
cells by a Shh-mediated signal from the floor plate and notochord
(Fig. 3B).3931,3% After neural tube closure, the expression of these
transcription factors is restricted to proliferating cells in the dorsal neural

tube (Fig. 3C).%°

2.3.2. BMPs: key signaling factors in patterning the dovsal
neural tube

Dorsal cell types in the neural tube, including the roof plate at the
dorsal midline, and several classes of dorsal sensory relay interneurons,
are generated in response to signals derived from the epidermal ectoderm
that flanks the lateral margins of the neural plate (Fig. 3C).?2 Bone
Morphogenetic Proteins (BMPs), members of the Transforming Growth
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Fig. 3 Dorsal and ventral signaling in the early central nervous system. (A) One
model proposes that signals such as Sonic hedgehog (Shh) (blue arrows) from the
notochord (N) induce the floor plate. (B) In the dorsal part of the future neural tube,
BMP-4 and BMP-7 (orange arrows) from the ectoderm adjacent to the neural tube are
thought to induce s/ug expression in the future neural crest and maintain Pax3 and Pax7
expression dorsally. Ventrally, Sonic hedgehog, now produced by the floor plate, induces
motoneurons. (C) Sonic hedgehog, produced by the floor plate, suppressed the expression
of dorsal Pax genes (Pax3 and Pax7) in the ventral half of the neural tube. (Adapted
from Human Embryology and Developmental Biology, Carlson BM)

Factor-B (TGE-B) tamily of secreted proteins, are key signals to mediate
this ectodermal signal.>* In the dorsal portions of the future neural
tube, BMP4 and BMP7 secreted by the epidermal ectoderm adjacent
to the neural tube induce Slug, a zinc finger transcription factor,3¢ in
the future neural crest cells, and maintain pax3 and pax/ expression
(Fig. 3). These genes are required for the appropriate differentiation
of neural crest cells and are involved in dorsal cell differentiation.3?
Shh signaling from the floor plate suppresses the expression of dorsal



Induction & functions of the vertebrate floor plate 129

pax genes in the ventral halt of the neural tube where motor neurons
develop.

3. The Roles of the Floor Plate in the Central
Nervous System

3.1. Axon Guidance

3.1.1. Overview of axon projections which arve influenced
by the floor plate

Neural connections form during embryonic development when each
differentiating neuron sends out an axon, extending long distances along
stereotypical paths to reach their final target. To generate this precise
pattern of connections, each axon must integrate many guidance cues
in its environment and react in a specific fashion to recognize its
particular path. The floor plate is a key landmark to act as an
intermediate cellular target for extending axons due to its midline
location and its early differentiation within the neural tube.

In vertebrates, there are two types of growth patterns in the early neuronal
populations of the neural tube — a circumferential pattern and a longitudinal
pattern. Circumferential neurons are found in the more dorsal aspects of
the spinal cord and comprise two classes of cells, commissural and association.
These two groups of axons initially extend in the same direction ventrally
along the lateral edge of the spinal cord but then diverge upon reaching
the lateral or ventrolateral marginal zone. Axons from association neurons
turn at right angles to join the ipsilateral longitudinal pathway, whereas
axons from the commissural neurons cross the basal portion of the floor
plate and turn longitudinally. After executing the turn, the axons fasciculate
among themselves and with other longitudinally-oriented axons running in
the ventral marginal zone (Fig. 4).3

There are different classes of neurons interacting with the floor plate in
different species (Fig. 4). In the chick, axons of the circumferential neurons
grow ventrally along the lateral margin of the spinal cord (but not in direct
contact with the external limiting membrane) in the transverse plane.38-42
Upon reaching the ventrolateral spinal cord, axons of the ipsilateral projecting
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Fig. 4 Schematic diagram summarizing early axonal populations in the developing
spinal cord whose growth is influenced by the floor plate. There are two patterns of
axonal projections — circumferential and longitudinal — characteristic of the earliest
neurons. The blue area represents the floor plate (F). Dorsal is up; caudal is to the left.
Dashed lines indicate rostrally directed projections. [] — association neurons; [] —
commissural neurons; [] — primitive logitudinal (PL) cells; [] — Kolmer-Agduhr (KA)
neurons; A — VeLD neurons. The developmental stage listed for each species is that at
which the first axons begin to extend. (A) Chick, stage 15. (B) Rodent, rat E11; mouse
E9. (C) Zebrafish, 14-somite (16h). (D) Xenopus, stage 25.37

association neurons turn at right angles and project longitudinally. Axons
of the contralaterally projecting commissural neurons grow towards the floor
plate and cross the ventral midline before turning to project longitudinally.
Commissural neurons apparently take two different trajectories to reach the
floor plate. The earliest-born commissural neurons follow the lateral edge
of the neural tube until they arrive at the ventral midline. The later-born
commissural axons break away from the edge in the ventral spinal cord and
grow ventro—medially to the floor plate. Primitive longitudinal (PL) cells
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have longitudinally directed axons that extend either rostrally or caudally in
the ventrolateral spinal cord (Fig. 4A).38#143# In rodents, commissural
neurons are similar to the later-born commissural neurons in the chick,
except that in rodents, they only project rostrally, whereas in the chick,
these neurons have been found to turn both rostrally and caudally. Association
neurons are also similar, except that the earliest neurons in rodents project
longitudinally in the lateral rather than ventrolateral marginal zone (Fig,
4B).38434 In zebrafish, commissural (CoPA and CoSA) neurons project
circumferentially along the edge of the spinal cord to the ventral midline,
just like early-born commissural neurons in the chick.2%#%#¢ After crossing
the floor plate they turn rostrally and ascend obliquely for approximately
one segment to join the dorsal longitudinal pathway. Axons of the VeLD
neurons initially extend circumferentially to contact the floor plate but do
not cross the midline and instead turn to project caudally. Kolmer-Agduhr
(KA) neurons have longitudinally directed axons that extend rostrally in the
ventral spinal cord (Fig. 4C). Similarly, in Xenopus, commissural neurons
project circumferentially along the edge of the spinal cord to the ventral
midline. After they cross the floor plate, they project longitudinally either
rostrally, caudally, or with branches in both directions (Fig. 4D).47-50

Axons that grow to the ventral midline, cross the midline, and then
turn to project longitudinally, are also found at higher axial levels and
have been particularly well characterized in zebrafish.?1%? Notably, the
projection patterns of ventrally decussating commissural axons are highly
conserved between the spinal cord and the caudal hindbrain in both
chick and zebrafish embryos,>3-%% between the spinal cord and midbrain
of chick embryos,>”%8 and between the metencephalic axons and the
spinal cord commissural axons in the rat.”

3.1.2. Chemoattraction by the floor plate

Evidence accumulated in the last decade indicates that the floor plate
has a potent chemotropic effect on commissural axons. Spinal
commissural axons show reoriented growth towards floor plate explants®
when co-cultured with rat floor plate tissue in collagen gel which
establishes a gradient of diffusible substances.®’~%3 Moreover, the floor
plate’s ability to induce turning of commissural axons is not mimicked
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60,64 Consistent

by explants of any other portion of the neural tube.
with these iz vitro findings are the im vivo observations in chick
embryos. Rotation of a segment of the spinal cord results in an ectopic
floor plate, which becomes apposed to the dorsal half of the remainder
of the neural tube and redirects commissural axons towards to the
ectopic floor plate.%®> A floor plate grafted alongside the spinal cord of
a developing chick embryo iz ovo also can induce the abnormal growth
of commissural axons, out of the spinal cord, towards to the graft.®¢
Similarly, these axons show abnormal trajectories in the mouse mutant,
Danforth short-tail, which lacks the floor plate at the most caudal
levels,®” and in the zebrafish mutant, cyclops, which lacks the midline
floor plate cells at all axial levels.*>:4

The floor plate in the brain also provides a chemoattractive guidance
cue for crossed axons. Early evidence had shown that cerebellofugal
axons were attracted by floor plate explants from the metencephalon,
where the axons crossed the midline.®® Recent data also indicates that
the floor plate in the rhombencephalon chemoattracts rhombencephalic
alar plate axons just as the floor plate in the spinal cord attracts spinal
commissural axons. These data suggest that the floor plate attracts
various kinds of crossed axons in both the metencephalon and
myelencephalon, probably contributing to the formation of crossed
projections in these regions of the brain (Fig. 5).%%

3.1.3. Chemorepulsion by the floor plate

In the zebrafish mutant, cyclops, which lacks MFP cells, normally
uncrossed axons in the spinal cord*® and the hindbrain® often cross
the ventral midline. Fifteen percent of VeLD neurons, which extend
to the midline and turn posterior without crossing the midline, aberrantly
cross the midline in ¢yclops mutant embryos, suggesting that the floor plate
releases diffusible chemorepulsant(s) that prevents axons from crossing the
midline. Studies 2 vitro have demonstrated that the floor plate has the
ability to repel subsets of axons from a distance.?”772 These include
axons of the visceral motor and branchiomotor neuronal subclasses,
and posterior commissural axons. Notably, posterior commissural axons
and axons of the midbrain alar and basal plate are repelled by the floor
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Fig. 5 Schematic diagram showing the global role of the floor plate in the axonal
guidance in the vertebrate CNS by chemoattraction and chemorepulsion. The diagram
represents axonal trajectories in flat whole-mount preparations. Insets (left and right) show
axon trajectories in a transverse plane. The FP, shown at the center, possesses both
chemoattractive and chemorepulsive activities along its entire length. Regions containing
chemoattracted axons (red) are shown on the left, while those containing chemorepulsed
axons (blue and green) are illustrated on the right. FP, floor plate; RP, roof plate; Mes,
Mesencephalon; Met, metencephalon; Myel, myelencephalon; SC, spinal cord.

plate at all axial levels,”!7? suggesting that the floor plate provides a
global guidance cue for a variety of axons by repelling them (Fig. 5).

3.1.4. Guidance at the midline by the floor plate

Guidance events in the midline are more complex. Commissural axons,
once having arrived at the midline, have to decide to cross the midline
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or not, in order not to stall at the floor plate. In the mouse mutant,
Danforth short-tail, in which the floor plate and the underlying
notochord are missing, the commissural axons can reach the midline,
but they make incorrect pathway choices, often failing to turn
longitudinally, and projecting out of the spinal cord (Fig. 6A).
Consistent with this observation, the errors in the migration of the
commissural primary ascending (CoPA) neurons and the association-
like ventral longitudinal descending (VeLD) neurons occur in the
zebrafish cyclops (ajc) mutant as well. These migration errors also can
be observed in embryos in which the floor plate has been ablated by
laser.#>73 CoPA neurons normally cross the midline floor plate cells
and turn anteriorly, while VeLLD neurons extend to the midline and

(A) (B) Zebrafish

A

;L )

cyclops/ablation

%
'

Fig. 6 Schematic diagrams illustrating aberrarct axon behavior caused by the loss
of midline floor plate cells in mouse Danforth short-tail and zebrafish cyclops mutant
embryos. (A) In the mouse, commissural axons cross the midline and extend rostrally.
In the Danforth short-tail mutant, much of the floor plate and notochord fails to develop.
Many commissural axons can reach the midline, often taking an aberrant pathway along
the circumference of the neural tube, but then fail to make the correct turning decisions.
Where floor plate tissue remains, commissural axons will turn to project directly to these
cells. (B) In the zebrafish, both commissural neurons (CoPA) and ipsilaterally projecting
neurons (VeLD) are affected by the removal of the midline by laser ablation or in ¢cyclops
mutants. CoPA neurons reach the midline but can then make incorrect turning decisions,
extending ecither longitudinally on their own side or close to the midline on the
contralateral side. The VeLD neurons can cross the midline when midline cells are missing
and usually make their correct turn on the contralateral side. The VeLLD neurons also
make incorrect decisions on their own side.
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turn posteriorly without crossing the midline. In the embryos with
deficiencies in the floor plate, approximately 25% of the CoPA axons
fail to cross the midline and 15% of the VeLLD axons incorrectly cross
the midline (Fig. 6B).7*

3.1.5. Molecular mechanisms of axon guidance by the floov plate

Recently, Netrins (Netrin-1 and Netrin-2), which are diffusible
chemotropic factors, have been identified during the purification of
a chemotropic activity from extracts of embryonic chick brain. Netrins
define a family of vertebrate homologs of the C. elggans unc-6 gene,
mutations in which disrupt the circumferential dorsal and ventral
growth of axons in the body wall of the worm.”®7% Vertebrate Netrins
can attract spinal commissural axons towards the floor plate in vitro.
It has been shown that similar to the floor plate, Netrins can promote
out-growth of commissural axons from explants of rat dorsal spinal
cord into collagen gel.”” In all vertebrates examined thus far, cells at
the ventral midline express at least one Netrin family member. For
instance, the floor plate of the spinal cord is a source of the diffusible
attractant, Netrin-1. This molecule attracts commissural growth cones,
which navigate to the floor plate and then cross to the contralateral
side. Loss of netrin-1 function at the midline results in the misrouting
of many axons and their failure to grow to the midline.”>7? Netrin-1
also acts as a repellent for some axons that grow away from the
midline.3® Thus, in vertebrates, Netrin-1 produced by the floor plate
cells appears to be a bi-functional molecule that acts as an attractant
for some axons, and as a repellent for others, depending on the Netrin
receptor expressed by the cell. Since Netrin-1 is expressed in the floor
plate at all axial levels, from the caudal diencephalon to the spinal
cord, it is likely to contribute to the global guidance functions of the
floor plate in the CNS.

Once at the midline, growth cones have to make a variety of decisions,
to stop or continue growing, to cross the midline or not. Studies in
axon guidance have suggested that the floor plate clearly provides some
information necessary to direct the proper routing of axons at the midline.
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So far, many growth-promoting molecules are known to be enriched in
the floor plate, and could possibly aid midline crossing by serving as
permissive signals. N-Cadherin, Neurofascin, N-CAM and Nr-CAM are
examples of adhesion molecules that are concentrated on the commissural
segment of the crossing axons and are also expressed by the floor plate. 8184
For instance, in the chick, commissural axons and growth cone express
Axonin-1, whereas the floor plate cells express the receptor Nr-CAM.
Function-blocking reagents disturb the heterophilic interaction between
Nr-CAM at the midline and Axonin-1 in commissural axons, and the
floor plate becomes inhibitory to the commissural growth cone.”>8°

3.2. Floor Plate in Neuronal Differentiation
3.2.1. Ventral neural cell type diffeventiation

Distinct neural cell types are generated along the dorsal/ventral
(D/V) axis of the neural tube. In vertebrates, the specification of neural
subtypes in the spinal cord becomes evident during early neurulation.
At early stages in the development of the neural tube, three main classes
of cells are generated in the ventral region: the floor plate, a specialized
class of cells, differentiate at the ventral midline soon after the neural
plate formation, whereas motor neurons and interneurons are generated
at more dorsal positions (Fig. 7).

3.2.2. Motor neuron diffeventiation by the floor plate

Motor neurons project axons to muscles and autonomic neurons, and
mediate the central control of movement, using acetylcholine as a
neurotransmitter. This leads to the formation of ordered connections
with appropriate targets and their correct topographical organization.
On the basis of neuroanatomical studies, individual motor neuron
subtypes are defined in two ways: (1) by their axonal path and target
choice, and (2) by their cell-body position within the spinal cord.80-86.87
All motor neurons share some common properties, such as
neurotransmitter expression, neurotrophin sensitivity, and neuromuscular
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Fig. 7 Gradient model for the induction of ventral neural tube cell types by
increasing concentrations of Shh protein. The concentration of Shh required to induce
specific ventral cell types in pitro correlates directly with their dorso-ventral position
in vivo. Proposed gradient of Shh signal moving from its sources of expression in the
ventral neural tube and notochord shows on the left. FP, floor plate; MN, motor neurons;
V0-V3, different classes of ventral interneurons generated at spinal cord levels.

synapse formation. Although different motor neuron subtypes acquire
specific properties that mediate the formation of specific synaptic
connections, several lines of evidence show that all motor neurons have
a common developmental origin. Thus, the establishment of motor
neuron properties occurs first in precursor cells before their specification
into further cell types. Due to the position of the floor plate and
notochord at the midline, it has been suggested that they trigger these
differentiation events by sending signals and serve as the source of the
diffusible signals that pattern the ventral neural tube.33

The main signaling activities of the floor plate and notochord are
mediated by a secreted protein Sonic hedgehog (Shh).%” In vertebrates,
Shh is expressed highly in the floor plate and notochord, suggesting
therefore that it plays a key role in motor neuron differentiation.30:20-93
Explants of the floor plate or the notochord have been shown to induce
the ectopic expression of motor neuron markers in the chick. This
activity is mimicked by recombinant Shh protein and blocked by
antibodies against the Shh protein.3%-92%4 In addition, loss-of-function
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mutations in the mouse sh» locus result in the complete lack of
expression of the motor neuron marker, Islet 1.5 These experiments
indicate that in the chick and mouse, Shh from the floor plate and
notochord is both sufficient and necessary for motor neuron
development (Fig. 7).8

In zebrafish, motor neuron differentiation is a little different from
that described in amniotes. Early during gastrulation, similar to other
vertebrates, zebrafish shh is expressed, starting at 60% epiboly in the
organizer region, the embryonic shield, and subsequently, in the floor
plate and notochord. But unlike amniotes, which possess a single
hedgehog homolog, shh, zebrafish expresses two additional 44 genes in
different subsets of the amniote shh expression domain, during the time
when motor neurons are likely to be specified: tiggywinkle hedgeboy
(twhh), which is expressed exclusively in the floor plate, and echidna
hedgehog (ebh), which is expressed in the notochord domain alone.?6%”
Zebrafish embryos with mutations in ¢yc lack the medial floor plate
and show no expression of shh, at the midline of the neural tube®! and
have reduced #whh expression.?® Consequently, the development of
branchiomotor motor neurons, which are located in the hindbrain and
innervate muscles that differentiate in the pharyngeal arches, is severely
affected in cyclops mutant embryos.”® Embryos with mutations in sonic-
you (syn), which delete the gene shh, also have significantly reduced
branchiomotor neurons. These neurons are also completely absent in
syw. mutants injected with Morphlinos against the #whh.%° Therefore,
shl and twhh function synergistically during branchiomotor neuron
development.?9?

However their function does not seem to be essential for spinal
motor neuron development, since cyclops mutant embryos still possess
spinal motor neurons.!®®® Moreover, sy#z mutant embryos still have
normal numbers of both primary and secondary motor neurons,!??
though the axon tracts of many of these neurons are aberrant. Genetic
and cell biology studies involving a direct or indirect reduction of all
three Hh signals and antisense morpholinos suggest that shh, twhh
and ehh can all act redundantly to specify motor neurons, indicating
that zebrafish motor neuron differentiation does require Hh signaling.!0!
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3.2.3. Ventral neural tube patterning by Shh secveted by the floor
plate and notochord

In addition to its role in motor neuron specification, studies have also
demonstrated that Shh functions in the formation of ventral neural
tube cell types at all rostrocaudal levels.?%192-194 Tn the prospective
spinal cord and hindbrain, in addition to the induction of motor
neurons, the action of Shh can also induce the differentiation of a
variety of ventral interneurons and oligodendrocytes.10%196 Together,
these groups of neurons will function in the adult in the direct regulation
of motor function, and in the integration of sensory information. In
the prospective midbrain and hindbrain regions, Shh is involved in the
induction of dopaminergic and serotonergic neurons.!’-110 These
neurons later have roles in both emotional regulation and higher-level
control of movement, and are directly implicated in movement disorders
such as Parkinson’s disease and a variety of psychiatric conditions.

How can a single factor induce the differentiation of such a range
of diverse cell types? Evidence derived from iz vitro studies suggest
that Shh acts as a morphogen, forming a gradient in the ventral neural
tube, in response to which cells differentiate in a concentration-
dependent fashion (Fig. 7).8%19 Neural explants that are exposed to
two-fold incremental increases in Shh concentration differentiate into
specific ventral cell types in a concentration-dependent manner. The
highest concentration of Shh can induce ventral midline cells, while
lower concentrations induce cell types found 7z vivo to lie further away
from the notochord and ventral midline (Fig. 7).

4. The Origin of the Floor Plate

4.1. Model One: Shh-Mediated Induction of Floor Plate by
the Notochord

4.1.1. Vertical induction of floor plate by Shh secveted from
notochord

During the process of neurulation in vertebrate embryos, two successive
steps can be distinguished. The first consists of the determination of
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two domains in the presumptive ectoderm: a ventral domain fated to
become the epidermis, and a dorsal domain from which the primordium
of the nervous system will develop. The second step involves
morphogenetic transformations. The ectoderm, which is committed to
a neural fate, forms a neural tube, and subsequently, neuronal and glial
differentiation take place. Studies in amphibian embryos have shown
that the critical event through which neurogenesis is initiated is the
involution of notochordal material through the dorsal blastoporal tip
during gastrulation. The notochord, an axial structure of mesodermal
origin, has been suggested as a signaling source for several critical events
in early development. It is a rod-shaped mass of vacuolated cells, and
lies immediately below the neural tube (Fig. 1). Its presence during
embryonic development is a definitive feature of the chordate phylum.
The notochord is one of the earliest embryonic structures to be formed,
and functions as a support structure for the entire organism, either
transiently (in higher vertebrates) or persistently (in some lower
vertebrates). From early neural stages, the notochord forms by
elongation of a distinct population of cells located in the late blastoporal
lip, from the rostral to caudal end of the embryo. This group of cells
has been designated as the ‘chordoneural hinge’ (CNH), also known
as the Hensen’s node in amniotes. The notochord emerges from
Hensen’s node of the chick and the mouse,%!!! the blastopore lip of
the amphibian embryos’ and the shield of zebrafish embryos.!!?

In chick embryos, Hensen’s node is a structure that represents the
organizer region. It undergoes a characteristic rostrocaudal movement
known as “regression”, which takes place as the embryos elongate along
the anteroposterior axis. The notochord is derived from Hensen’s
node.!13114 The floor plate is also derived, in part, from cells within
Hensen’s node, although a major contribution for the floor plate is
from cells in a region of the epiblast (termed “region A”) immediately
anterior to Hensen’s node prior to its regression. Unlike the Hensen’s
node, this group of cells does not contribute to the notochord.!15-118
As Hensen’s node regresses posteriorly during gastrulation, cells that
are laid down at the midline in its wake form the notochord.
Concurrently, region A cells which stream posteriorly and populate the
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midline of the neural tube over the newly formed notochord will form
the floor plate.!'®118 Notochord grafts placed next to the neural tube
can induce the morphological,!'?120 antigenic!%” and functional'?!
properties of the floor plate in adjacent neural cells. Other ventral neural
cell types, including motor neurons, also differentiate ectopically in
response to notochord grafts (Fig. 8).197122 Conversely, floor plate cells
and motor neurons do not develop in the absence of the notochord
in amniotes.67:107,121,123-126

During vertebrate embryogenesis, one of the major strategies by
which generation of diverse cell types is achieved is by inductive
interactions, in which signals from one group of cells control the fate
of adjacent cells.!?”128 The induction of the floor plate at the ventral
midline of the neural tube is one of the earliest events in the
establishment of D/V polarity in the vertebrate central nervous
system.!' 1129 The first neural cells to exhibit overt differentiation are

located at the midline of the neural plate!3? and these later give rise
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Fig. 8 Notochord grafts ventralize adjacent neuroepithelium. Serial adjacent transverse
sections of neural tube, after a lateral notochord graft. (A) and (B) show the repression
of Pax7 and Pax6 in the neural tube adjacent to the graft. (C), (D) and (E) show the
induction of floor plate (HNF3B and Shh) and motor neurons (Islet 1) (modified from
Patten and Placzek, 2000).
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to the floor plate at the ventral midline of the neural tube. The cells
in region A which are destined to populate the floor plate exhibit
convergent-extension movements similar to those displayed by cells of
the Hensen’s node.!15116.131 However, they neither express definitive
floor plate markers, such as HNF3B, an indicator of early floor plate

132 nor do they acquire floor plate properties when grown

differentiation,
in isolation.!33 Thus, the differentiation of these anterior cells into floor
plate appears to take place outside the node, and at a later developmental
stage, following exposure to inductive signals from notochord.!3*
The secreted molecule, Sonic hedgehog, has been shown to be both
necessary and sufficient for this important process. Shh is expressed initially
by cells in the node, and later by axial mesodermal cells, i.e. the
notochord, and finally by floor plate cells themselves. Gain-of-function
genetic studies have shown that ectopic Shh signaling can lead to the
ectopic differentiation of floor plate and other ventral cells from neural
precursors in vivo and in vitro.”1¥294135 Mis-expression of the zinc-finger
transcription factor, G/i1, and the winged helix-loop-helix transcription
tactor, HNF3p, both downstream effectors of the Shh-signaling pathway,
cause the ectopic differentiation of ventral floor plate cells.!3%137 Such
mis-expression studies have been complemented by loss-of-function
studies. Inactivation of Shh signaling through the use of antibodies against
SHH protein or by the targeted inactivation of the shh gene leads to
failure of floor plate differentiation.3%%> In the mouse three kinds of
mutations have been shown to block floor plate development without
aftecting the specification of notochord cells. Firstly, mutations in the
shh gene itself block floor plate differentiation. The generation of Shh-
null mice reveals that in the absence of Shh signaling 7 vive, floor plate
and motor neurons fail to differentiate. However, the notochord of Shh-
null mice appears to initially develop normally.”® The second line of
evidence is that mutations in the mouse zinc-finger transcription factor
gene G2, a key intracellular mediator of Shh signaling, also block floor
plate formation without affecting the expression of Shh by the
notochord.!3%:13% The third set of mutations, in the PS1 and PS2
Presenilin genes, also block floor plate differentiation at spinal cord levels
while leaving Shh expression in the notochord intact.!*? Together, these
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experiments suggest that while the molecular pathways of floor plate and
notochord differentiation are separable, Shh signaling is able to induce
floor plate differentiation, and is necessary and sufficient for this process.
This induction is thought to depend on the setting of a concentration
gradient of Shh along the D/V axis of the neural tube. Every 2-3-fold
increase in Shh concentration leads to the differentiation of a more ventral
neural cell type and the most ventral cell type, the floor plate, needs the
highest levels of Shh (Fig. 7).

4.1.2. Homeogenetic induction of the floor plate

Classical embryological experiments where the notochord was removed
at different stages of the development in amphibian and chick embryos
showed that late stages of floor plate differentiation can occur
independently of the notochord.!#1-143 Recent data from grafting studies
in the chick also support the ability of the floor plate to induce floor
plate differentiation.!0”:14* In zebrafish, wild-type cells introduced into
the neural plate of cyclops mutant embryos are able to confer floor
plate fates in adjacent mutant cells.!” These experiments suggest that
floor plate induction may be initiated in the organizer, but appears to
be continued through the neural plate by the propagation of a floor
plate-derived signal. Homeogenetic induction, the induction of a tissue
by the same type of tissue (“like-begets-like”), may underlie the marked
increase in the number of the floor plate cells that occurs after neural
tube closure and may ultimately re-induce floor plate after notochord
removal.!? The floor plate does not appear to serve as a passive carrier
of notochord-derived inductive signals, and indeed, the floor plate
appears to synthesize inducing signals for a longer period than the
notochord. Thus, a substantial proportion of floor plate cells appears
to be specified relatively late, and are thought to be derived from
progenitor cells. The division and subsequent rostrocaudal extension
of these progenitors is likely to operate together with homeogenetic
induction to generate the final dimensions of the floor plate.

One model proposed suggests that the induction of the floor plate
includes both vertical and homeogenetic induction. The induction of
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the floor plate occurs primarily after neural tube closure, and patterning
of the ventral neural tube occurs in response to contact-mediated and
diffusible signals derived first from the notochord and then from the
floor plate itself. The notochord is the source of both contact-dependent
and contact-independent signals. Cells immediately above the notochord
receive both types of signals and form the floor plate, while those
positioned more laterally receive only the diffusible signals and form
motor neurons. At later stages, the floor plate moves apart from the
notochord and becomes the other signaling center that can pattern the
neural tube. Like the notochord, the cells of the floor plate can induce
additional floor plate cells through a contact-dependent signal, and

motor neurons and other ventral cell types via long-range diffusible
factors (Fig. 9).12,1457148

4.2. Model Two: Floor Plate Induction Occurs Independent
of the Notochord

4.2.1. Node/organizer: the common sounrvce of floov plate and
notochord cells

In avian embryos, neurulation proceeds according to two different
morphogenetic mechanisms in the anterior and posterior regions of
the body. Anteriorly, in the cephalic, cervical and dorsal regions, the
neural epithelium forms a neural plate whose lateral ridges fuse in the
dorsal midline, thus generating the basis of the central nervous system:
the neural tube and the neural crest, which forms the origin of the
peripheral nervous system (PNS). This process, called primary
neurulation, takes place from the anterior to the posterior neuropore
(also see Fig. 1). Posteriorly, the neural primodium is formed during
the elongation of the tail bud, from a cord of epithelial cells in which
the lumen of the neural tube appears by cavitation. This type of
neurulation, called secondary neurulation, is limited to the lumbo-
sacro-caudal part of the body in amniotes.>?

New and more sensitive technologies have led to advances in our
understanding of the mechanisms underlying cell commitment and
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Fig. 9 Vertical induction and homeogenetic induction models for floor plate
formation. Contact-dependent and contact-independent signals pattern the neural tube
and induce the floor plate. (A) Early inductive signals from notochord, when the
notochord is in contact with the neural tube. (B) Late inductive signals from notochord
and floor plate. The notochord is separated from the neural plate at this stage. (C) Lateral
view of the neural tube shows that floor plate can induce additional floor plate cells
through a contact-dependent signal by homeogenetic induction. Contact-dependent
signals are shown with blue arrows and contact-independent signals with green arrows.

patterning in early vertebrate embryos. Accurate, detailed, and high-
resolution prospective fates maps, which reveal the sites of origins of
relevant populations of cells during normal development, have been
very important for this. These maps are very useful in tracing patterns
of cell displacement that collectively constitute the morphogenetic
movements that occur during gastrulation, cardiogenesis, neurulation
and somitogenesis. Moreover, the availability of detailed prospective
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fate maps at multiple critical stages allow comparison between the
expression patterns of inductive factors and signaling intermediaries,
providing insights into the intercellular interactions occurring during
formation of the vertebrate body axis.!49-151

Among avians, quail-chick chimeras have provided a good model
system to generate high-resolution fate maps at critical stages of early
development to study the patterns of cell displacement. Quail and chick
embryos develop in very similar ways (especially during early
development). When portions of the quail embryo are grafted into a
similar region of the chick embryo, the cells become integrated into
the host embryo and participate in the construction of the appropriate
organs. This grafting can be done while the embryo is still inside the
egg shell, and the chick that hatches is a ‘chimera’, having a portion
of its body composed of quail cells.!>?-133 However, the chick and quail
cells differ, in two critical ways. First, the quail heterochromatin in the
nucleus is concentrated around the nucleoli. This creates a large deeply
staining mass that is easily distinguishable from the diffuse
heterochromatin of chick cells. Second, there are some antigens that
are quail-specific and are not detected on chick cells. Both of these
criteria allow one to readily distinguish individual quail cells, even when
the majority of the host cell population is derived from chick.!31-153

Fate maps of the avian blastoderm using fluorescently-labeled grafts
and antibodies specific for grafted cells at intermediate primitive-streak
stages (which later becomes Hensen’s node) show the patterns of cell
displacements that occur during progression of the primitive streak.
Fine fate mapping results show that the future floor plate of the neural
tube arises exclusively from a midline, circumscribed area just rostral
to the primitive streak (Cr).!®! Floor plate cells originate rostral to the
primitive streak and become incorporated into its cranial end during
primitive streak progression, and the rostral end of primitive streak
contributes cells to the notochord. Thus, in embryos at stages 3 and 4,
the rostral end of primitive streak (Hensen’s node) contains cells of
both the prospective notochord and the prospective floor plate of the
neural tube, as well as cells of the head mesenchyme and foregut
endoderm.!>!
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Cell lineage studies of the chick Hensen’s node during secondary
neurulation have been performed using the chick-quail chimera system
in 6-somite stage embryos. At this stage, Hensen’s node appears as a
median depression situated in the middle of the sinus rhomboidalis.
Replacement of the node and the underlying endoderm at this stage
in chick by the quail counterpart demonstrates that during its
rostrocaudal regression, the node material becomes inserted into the
overlying neural plate, forming the future floor plate dorsally, and the
notochord ventrally. At this stage, notochord and floor plate rudiments
are intimately associated. Afterwards both of them become separated
by a basement membrane. The notochord slides caudally in comparison
to the floor plate, accounting for the different rostral levels of the
graft-derived notochord and floor plate. Thus, Hensen’s node is the
structure containing the midline precursor cells of both floor plate and
notochord (Fig. 10).2%154155

In zebrafish, another very good vertebrate model system, cell lineage
analyses at the onset of gastrulation suggest that zebrafish also possess
a midline precursor cell population in the embryo shield,!?%1%7 a
structure similar to the chick Hensen’s node. By this stage, cells of the
organizer region have already been specified to develop into particular
tissue types and are under the control of zygotically expressed genes.
Therefore, this model proposes that floor plate specification commences
at gastrulation, and that it occurs independently of notochord
development. Evidence from the study of zebrafish mutants provide
further support for this model. A number of genes with defects in
midline structures or signaling have been identified. Mutations in the
Sfloating head (flh) and no tail (ntl) genes result in embryos that lack
notochord. The dorsal mesoderm cells that are notochord progenitors
are mis-specified in these embryos, but patchy floor plate cells are
detected in fIh mutant embryos,'®® and a wider floor plate can be
observed in nt/ mutant embryos.'®® The ntl/Brachyury gene encodes
a T-box transcription factor that is expressed in the rudiments of both
the notochord and the tail, and is essential for proper development of
both domains.!0-166 Fate mapping in ##/ mutant embryos using caged
fluorescein shows that the cells in the wider floor plate originate from
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Midline cells = organizer

Floor plate

Somite

Dorsal endoderm Notochord

Fig. 10 Schematic representation of the rostrocaudal movement of Hensen’s node
(HN) in the chick. Hensen’s node cells (blue) bisect the superficial layer of the sinus
rhomboidalis which will become the alar plates of the spinal cord. Later on, the bulk of
Hensen’s node becomes segregated into three layers: the floor plate, the notochord and
the dorsal endoderm.

a midline precursor population, and that »#/ function is required during
early gastrulation in cells that normally make notochord to repress floor
plate and promote notochord fates.!%”

Even more intriguing mutants in zebrafish for the studies of floor
plate induction are cyclops (cyc) which encodes a nodal-related TGE-
B signaling factor, and its co-receptor ome-eyed pinhead (oep), which
encodes an epidermal growth factor EGF-related protein.!®168-172 Tn
these two mutants, floor plate cells are missing even though the
notochord is present (Fig. 11). These cells can be restored in ¢yc mutants
when wild-type cyc RNA is overexpressed in early embryos. The cyclops
mutant phenotype is much like the s/ mutant in mouse, implicating
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(A)WT (B) cyclops

Fig. 11 The floor plate in a zebrafish wild-type embryo and its absence in a cyclops
mutant embryo. (A) Lateral view of the trunk region of a wild-type zebrafish embryo
showing the floor plate lying above the notochord. (B) In cyclops mutant embryos the
floor plate is absent.

that similar to the function of the shs gene in the murine floor plate,
Nodal signaling is required for floor plate specification at early
gastrulation in zebrafish. Analyses of the shh promoter in zebrafish has
also identified elements that are responsive to Cyclops/Nodal
signaling.173

4.2.2. When is the floor plate induced?

Studies of Shh signaling in mouse and chick embryos have not resolved
the major questions of the time and place at which floor plate
differentiation begins. Fate mapping in chick and zebrafish have shown
that the floor plate originates from Hensen’s node during secondary
neurulation and from the embryonic shield during gastrulation. Recently,
a temperature-sensitive allele in cyclops (cyc?!) has been isolated.!”* In
contrast to null mutations in cyclops, cyc¥! mutants manifest variable
cyclops phenotypes at 22°C. At 28°C, ¢yc?! homozygous mutant embryos
show a complete lack of medial floor plate cells. Temperature shift
experiments to abrogate Cyclops function in this mutant allele at various
stages of gastrulation and segmentation show that the floor plate in
zebrafish is induced during mid-gastrulation stages (between 70-80%
epiboly). Furthermore, transient temperature-pulse experiments at the
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permissive or restrictive temperature using this mutant allele show that
while the critical window for floor plate induction in zebrafish is during
mid-gastrulation (70-80% epiboly), the formation of a complete floor
plate requires continuous signaling by the Cyclops protein throughout
gastrulation.!”* Thus, in zebrafish, floor plate induction occurs at early
gastrulation. At these stages, Cyclops function is required for induction
of the floor plate from its precursors, as well as the complete
development of the ventral neural tube throughout the length of the

neural axis.!74

4.2.3. Where ave the floov plate cells induced: functional domains
within Hensen’s node

Fine fate mapping studies analysing gene expression in different
domains, the distinct cell morphologies and arrangement of cells in
the node, and excisions and grafts of Hensen’s node sub-regions at
the 5-6 somite-stage indicate that Hensen’s node is made up of three
distinct functional domains, along the rostrocaudal axis.!”®> A caudal
region, designated as zone a, comprises cells of the presumptive floor
plate, and is composed of epithelial cells closely apposed to more
ventral cells that are randomly organized and are in continuity with
the already individualized notochord. These two cellular compartments
are separated by a discrete basement membrane. Zone b lies in the
median pit, where the future floor plate and notochord domains are
recognizable but not yet delaminated. Zone c includes the extreme
caudal tip of the node and contains cells that are randomly distributed.
Graft experiments using chick-quail chimeras have demonstrated that
the floor plate and notochord are derived from a common group of
cells present in zones b and ¢ of Hensen’s node. These cells are
responsible for the formation of midline structures along the whole
neural axis from the diencephalon down to the tail end. Cells of
zone ¢ seem to function as stem cells since they form the whole
length of this midline structure without addition of cells from more
lateral regions of the embryo during the process of node regression
(Fig. 12)}75,176
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Fig. 12 The bipotential precursor model for midline cell development. The
distribution of the three cellular areas forming Hensen’s node. In this model, zone ¢ has
a pool of stem cells with a bipotential fate which can yield both floor plate (FP) and
notochord (N) cells.

4.2.4. The different orvigins of medial floor plate and lateral
floor plate

From analyses of immunocytochemical and molecular markers that label
different cells in the ventral neural tube of several vertebrate species,
two distinctive cell populations in the floor plate have been distinguished.
Early studies in the chick ventral neural tube at day 3 show that a
medial region where cells expressed both SC1 and FP1 antigens can
be distinguished from lateral areas where cells express FP1 but not
SC1.197%:14% Tn rat embryos, all floor plate cells express antigen FP3,
whereas only the medial floor plate cells (MFEP) express the FP4
antigen.!>?2 In mouse and rat embryos, shh, a very important floor
plate marker gene, is expressed in the medial floor plate. In contrast,
HNEF3, a gene that functions downstream of Shh signaling, and whose
ectopic expression can induce ectopic floor plate marker gene expression,

is detected in a larger region of the ventral neural tube.'8:177
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Further gene expression studies using chick-quail grafts suggest that
during normal development of the chick embryo, the floor plate is
heterogeneous and composed of regions that can be distinguished on
the basis of their embryological origin and molecular characteristics.?
During neurulation, the early neural tube, formed by planar induction
in the dorsal ectoderm, lacks a floor plate territory. When Hensen’s
node regresses, the floor plate becomes intercalated into the neural
ectoderm of the neural tube, the notochord becomes part of the
mesoderm, and then the definitive neural plate is formed.? The gene
activities of these two domains of definitive neural plate are different,
and genes expressed in the neural ectoderm are not expressed in the
node-derived midline structure (floor plate and notochord) during
neurogenesis.!”® The node-derived floor plate is made up of polarized
cylindrical epithelial cells that express sh» and HNF3B and are fated
to become MFP. By contrast, cells of the adjacent neural ectoderm
flank the MFP and are designated as lateral floor plate (LFP). LFP is
a pseudo-stratified structure of the neuro-epithelium and does not
acquire the polarized morphology of the MFP.

In contrast to early data showing induction of floor-plate-like
structures in the lateral neural tube of chick embryo by notochord
or floor plate grafts, revisited studies show that fragments of notochord
or MFP can induce both MFP and LFP in the neural epithelium if
applied to embryos at stages ranging from 7-15 somite-stage.
Moreover, the MFP is induced only over a short length of the neural
tube of the host, located in close vicinity to Hensen’s node. So the
competence of the neuro-epithelium in responding to notochord or
MEP signals is restricted to the posterior-most region of the neural
tube in a short time window. More rostrally, the grafts merely induced
LFP-type gene activities. Revisited studies that ectopically express Shh
also show that MFP and Shh-producing cells only induce LEP-type
cells. This suggests that in chick, Shh is not involved in specifying
the MFP itself but is essential for inducing the LFP.!3 In grafts from
the epiblast anterior to zone a, application of Shh protein together
with the TGFB-related Nodal protein resulted in floor plate markers
at the same dose that each individual protein was unable to induce.
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These experiments have shown that signaling by Nodal factors can
function synergistically with Shh in this process. Thus, Shh alone may
not be sufficient to confer MFP fates.!”? Furthermore, floor plate in
the anterior versus the posterior neural tube may be induced by distinct
mechanisms.

In the zebrafish, the MFP consists of a single row of cells flanked
on each side by one or two additional rows of LFP cells.21-!180 MFP
and LFP can be distinguished by the differential expression patterns
of a number of genes. Cells of the MFP express netrinl, '8! shh 2\ twhh,?6
c0ol2a1'® and several forkhead family members: foxA2 (axial/HNF3B),
fkd7 and fled4.16%-180:183 Fox A2 and fkh4'8° are expressed in both MFP
and LFP. The #nk2.2 is expressed in the LFP only.!3* Genetic analysis
has shown that embryos with mutations in the zebrafish shh gene,
sonic-you (syw), unlike mouse shh mutants, do form MEFP cells and
motor neurons, and lack LFP cells. Similarly, the MFP is not abolished
by mutations in you-too (yot), the zebrafish homolog of mouse Gli2,!8
or slow-muscle-omitted (smu), the zebrafish homolog of smoothened,
which encodes the transmembrane receptor for Shh.186:187 Tn zebrafish,
three hedgehog genes are expressed in the midline. Shh is expressed
in the notochord, the MFP, the ventral midline of the brain and the
posterior fin bud of embryo?!; twhh is restricted to the MFP and the
ventral midline of the brain during early somitogenesis,”® and ehb is
expressed in the notochord exclusively.”” Inhibition of Hh expression or
signaling by pharmacologic interference using the pan-Hh inhibitor,
cyclopamine!®® or by antisense morpholino-mediated knockdown
approaches”®> 101, 186,189 does not inhibit differentiation of MFP in
24 hpf embryos. Thus, Hh-signaling pathway seems neither required
nor sufficient for the induction of MFP. However, it is necessary
for the formation of LFP, and for the recovery of MFP cells in
cyclops mutant embryos after 48 hpf.100

Mutations that affect the Nodal-signaling pathway, cyc and oep, lack
MEFP and lack expression of MFP marker genes (shh, twhh, netrinl and
F-spondin) at 24-pdf. The LFP and notochord are formed and shh
mRNA is transcribed in both ¢yc and oep mutants.?198:181 This suggests
that MFP differentiation is dependent on Nodal signaling. Recent data
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from floor plate marker genes analysis in ¢yc mutant embryos at later
stages (48-hpf) has shown that MFP markers (netrinl, shh and
F-spondin) are expressed in the posterior body axis of mutant embryos,
and require intact Shh signaling.!°° This delayed differentiation of floor
plate in ¢yc mutant embryos suggests an involvement of Hh signaling
during late stages. Early data has shown that inhibition of Hh signaling
by either knockdown, inhibitor expression, or genetic lesions can cause
defects in MFP-specific gene expression in stages older than 1 day.!86:187
Thus, the late function of Hhs is responsible for the delayed
differentiation of MFP cells in ¢yc mutant embryos to maintain the
floor plate as a coherent structure. In c¢yc mutants, the notochord
expresses shh and ebh and is close to the neural tube, implicating the
notochord as the source of Hh signals. The other signaling source may
be the floor plate itself, which has homeogenetic-induction properties.
Since cells expressing MFP genes in ¢yc mutant also express the LFP
marker nk2.2; and the LFP cells occupy the ventral-most aspect of the
neural tube of 24-hpt cyc and oep mutants, it is likely that LFP is the
source of MFP precursor cells. These studies suggest that in zebrafish,
Cyclops/Nodal signaling is required for the early MFP differentiation
and is also required for the discrimination between MFP and LFP,

whereas Hh signaling may be required later.!%0

5. Concluding Remarks

The ovigin of the floor plate: reconciling planar, vertical
and homeogenetic induction

The two models of floor plate differentiation provide very strong
evidence to support the two different pathways for floor plate induction.
Model one combines the genetic, cellular and embryological studies to
draw three main conclusions. First, separate molecular pathways control
floor plate and notochord differentiation. Second, Shh signaling is
necessary for floor plate induction and differentiation in amniote
embryos. Third, signals provided by the notochord, a source of Shh,
are required for induction of the floor plate. On the other hand, cell
lineage analysis and genetic studies in zebrafish mutants show that the
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floor plate and notochord come from the same origin, and more
importantly, Shh is not required for floor plate induction, at least not
for initial induction of the medial floor plate. Thus far, with seemingly
contradictory evidence from amniotes versus fish model systems, we
still do not have a complete understanding of floor plate differentiation.
Many aspects of the early cellular interactions that control the decision
of axial midline cells to embark upon distinct pathways of notochord
and floor plate differentiation need to be defined more clearly.

However, comparing the data that support the two models, we can
find that they are not mutually exclusive. There occurs some overlap
in these two models. For instance, the vertical induction of floor plate
by Shh secreted from notochord also occurs in model two for lateral
floor plate differentiation. Homeogenetic induction plays an important
role for floor plate differentiation in late stages in both the models.
All of these show that the floor plate differentiation is not a simple
process. It needs many interactions that combine the planar, vertical
and homeogenetic signals and in addition to HH signaling, more
signaling pathways, notably the Nodal-signaling pathway, are involved
in the differentiation of a complete and functional floor plate. As more
is learnt about the interplay between various signaling pathways, and
as more downstream effectors of the pathways that determine floor
plate fates are identified, we will be able to understand better how this
group of cells achieves its form and functions.
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Introduction

George Streisinger originally conceived of the zebrafish as a vertebrate
model organism for the study of the molecular and genetic basis of
neuronal architecture.! The relative simplicity of the larval nervous
system, the optical transparency and rapid external development of the
embryo, its accessibility to embryological manipulation, and the potential
for forward genetics made it a promising system for such an undertaking.
These and other experimental advantages of zebrafish have been
described often in recent years. And while there is a growing literature
on zebrafish neurobiology, a brief search of the PubMed online database
shows that only about 15% of articles on zebrafish are related to the
nervous system. Most published papers focus on early patterning at the
gastrula and neurula stages. In this chapter, however, we will highlight
the zebrafish’s unique potential for addressing questions related to the
development and function of the nervous system.

A satisfying model of how the nervous system functions is difficult
to envision. It would have to comprise elements on multiple levels,
ranging from the molecular and genetic to the physiological and
behavioral. An immense body of work exists on neurophysiology,
anatomy, psychobiology, as well as the genetics and molecular biology
of the nervous system. However, integration of this work into models
that can account for even simple animal behaviors is still rare, particularly
in vertebrates. We are just beginning to get a glimpse of the intense
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phenotypic diversity of neuronal types and the intricacy of the system’s
architecture at the molecular level, let alone understand precisely how
information is represented and processed and functional behaviors are
produced. The ontogenetic processes involved are so complex and subtle
that — for an example — one breed of dog can be born predisposed
to herding behavior, while another will retrieve.

Scientists have worked on many organisms in their bid to understand
how the nervous system forms and functions. Simple model organisms
such as the fly and worm have been used to identify genes that regulate

23 axon pathfinding,*® olfaction,® mechanotransduction,”

neurogenesis,
vision,® and learning and memory.” Vertebrates such as the mouse and
chick have also been invaluable in the isolation of molecules involved in
axon guidance, primarily through biochemical and iz vitro assays. Whole
animal studies have been essential in understanding sensory perception
and learning. With this backdrop of intensive scientific activity, a useful
question to keep in mind is: “Why zebrafish?” What can it contribute
to neurobiology that other model systems cannot? The zebrafish clearly
has some weaknesses: unlike the mouse there is no established method
for targeted recombination, which would make brain-specific knock-outs
possible, for example. Biochemical approaches, which led to the
identification of ephrins!® and the recently cloned Repulsive Guidance
Molecule (RGM),!! can more easily be done in model systems with larger
brains, not in zebrafish. The MARCM system, which enables homozygous
mutant clones to be generated in the fly and thus allows the identification
of genes that might have pleiotropic effects,!? is not available.

One thing the zebrafish does provide, however, is the possibility of
physiology in the intact animal, either by high-resolution optical
recording or electrophysiology, combined with genetics. Imaging of
living neurons, whether of whole growth cones or of molecules within,
is also possible. Additionally, with the genome sequence data that is
already available, and with sequences from Fugu'® and other species,
it is already possible to carry out large-scale screens using antisense
morpholino oligonucleotides!'* against a large number of known and
predicted genes. Gene-trap approaches!® can be used to identify genes
expressed in the nervous system, and potentially to analyze their
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function. In this chapter, we hope to demonstrate the niche in
neurobiology that the zebrafish is just beginning to fill.

Development of the Nervous System:
Axon Guidance

Axon guidance is an active — and actively reviewed — field. Much of
the molecular and cellular machinery involved has come to light in
recent years. For depth and breadth, the reader is referred to a number
of excellent reviews, both general'®!” and specific to zebrafish.!8-20
What follows is a qualitative overview of the process, which should
serve to place in context some of the research highlighted later.

To make appropriate connections in the nervous system, axons must
extend long distances and form functional connections with postsynaptic
cells. The paths taken by axons can be tortuous; how billions of ordered,
specific connections are formed within the Byzantine network of the nervous
system is a daunting question. From decades of biological psychology and
anatomy, much more is known about the functional significance of
connectivity in the brain than about how this architecture arises.

Cells of the nervous system are divided into two major classes:
neurons and glia. Neurons are the functional information-transmitting
medium of the nervous system, while glia perform a diverse array of
structural and physiological support roles. The paradigmatic neuron
consists of a soma and two sets of processes: the dendrites, which receive
stimuli from other neurons and sensory organs; and an axon, which
can branch and form multiple synapses on target cells. Neurons are
morphologically diverse, and the organization and relative sizes and
shapes of these components vary a great deal. While much more effort
to date has been spent studying axon guidance, dendrites face similar
challenges in projecting to appropriate targets, and indeed seem to use
similar mechanisms.

Newborn neurons exit the cell cycle and migrate to their final
locations in the nervous system. As their differentiation continues they
extend neurites, the dendritic and axonal processes. At the distal end
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of the extending axon is the growth cone; a motile, amoeboid structure
that navigates to its target through the complex embryological
environment, constantly extending and retracting multiple filopodia and
lamellipodia. While dynamics at the leading edge of the growth cone
are primarily actin-mediated, an internal microtubule framework stabilizes
axons. As the axon elongates, this scaffold is extended within the growth
cone. A number of specialized cytoskeletal components are associated
with growing axons, and vesicle fusion contributes to plasma membrane
extension. Branching can occur at the growth cone or well behind it
along the axon; many branches are transient and later retract, while
others are selectively stabilized. The cytoskeletal underpinnings of these
more complex growth cone behaviors are just beginning to be described
and analyzed.

Growth cones compute their behavior based on a variety of internal
and external factors. Environmental influences can broadly be described
as permissive or instructive. Permissive elements allowing neurite growth
include suitable substrate composition and topology and the presence
of appropriate growth and survival factors. Instructive guidance signals
can be attractive or repulsive, or induce more specialized responses.
Signals that alter a growth cone’s behavior are presumed to do so
through the regulation of cytoskeleton, cell adhesion molecules, and
cell surface receptors.

As pathfinding continues, the growth cone integrates multiple
guidance cues present in the environment. Its reaction to its
surroundings is dependent on the developmental state of the neuron,
and appears to involve multiple interacting signaling pathways. While
the precise interactions of the signaling networks are not well understood
(and vary a great deal according to neuronal class), a wide range of
research has provided significant glimpses of some of the key elements.
The availability, concentration, and subcellular localization of receptors,
downstream signal transduction components, translational factors, and
cytoskeletal regulators all seem to be tightly controlled and contribute
to the growth cone’s interpretation of its surroundings. The readout
of the interaction between external and internal elements can be
continued growth, stopping, turning, collapse, retraction, branching or



168  Hendricks M & Jesuthasan S

synaptogenesis. The internal state of a growth cone is dynamic, and
responses to a given cue can change quickly. For example, repulsive
responses to a guidance molecule can be suppressed by the
internalization or degradation of its receptor. Such changes in
responsiveness can be brought about by a particular event, for example,
reaching a particular point in the embryo (e.g. guide post cells).

Advances in our understanding of growth cone guidance have come
from two major approaches — genetics and iz vitro assays. In
Drosophila, genetic screens for mutations affecting the midline crossing
of commissural axons led to the isolation of a number of genes involved
in axon guidance, and provided one example of how axons can change
their responsiveness to guidance cues.?'23 A key feature of midline
crossing, both in vertebrates and invertebrates, is that it normally
happens just once. Axons are attracted to the midline, cross it, but
then never cross again. In the roundabout mutant, axons cross multiple
times.* As it turns out, Roundabout is a receptor for a repellent at the
midline, named Slit.>* Before crossing the midline, Roundabout is
expressed at low levels. Another protein, Commissureless, regulates
Roundabout levels via an ubiquitin-mediated process such that the
repulsive Slit cue is transduced only after midline crossing.?> The
mechanisms unearthed by this series of studies, from the existence of
the Slit-Roundabout system to the importance of ubiquitin-dependent
mechanisms in axon guidance, appear to be conserved in evolution.?¢

In vitro assays, using Xenopus spinal and retinal neurons, have led
to different insights into how growth cones can change their response
to guidance cues. In these assays, axons growing on a glass cover slip
are exposed to gradients of soluble guidance molecules, such as
netrin.?”>?8 Spinal neurons are normally attracted to netrin. Remarkably,
when the level of intracellular cAMP is changed, the axons are repelled.?’
The response to a number of other cues, such as Sema3A, depends
on the level of cGMP.3? Hence, there is no such thing as an intrinsically
attractive or repulsive cue. The response is very much dependent on
the axon itself.

Several genetic screens have been carried out in zebrafish to
investigate the mechanisms of axon guidance and synapse formation.
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Among these are the retinotectal screen3'733 and the primary
motoneuron screen,®* both of which were initiated before the power
of genetics was made obvious with the Drosophila midline screen.??
Both screens have yielded a large number of mutants in which the
projection of axons to their target is disrupted. In the retinotectal system
of wild-type fish, retinal ganglion cells (RGCs) extend axons from the
eye to the opposite brain hemisphere. Most of the axons are targeted
to the contralateral optic tectum, a prominent midbrain structure, where
they branch in very restricted regions and synapse with tectal neurons.
Mutations were found that disrupt a number of steps in axon targeting,
ranging from exiting the eye, outgrowth, and midline crossing to
topographic mapping in the tectum (the synaptic innervation pattern
in the tectum that recapitulates cell location in the retina). One of the
few retinotectal mutants that has been positionally cloned is astray,
which has a striking phenotype whereby retinal axons wander in the
brain. As it happens, astray encodes a zebrafish ortholog of
Roundabout,?® underscoring the fact that many proteins used in setting
up the nervous system are evolutionary conserved.

The primary motoneurons of the zebrafish innervate the axial muscles
(which mediate swimming), between 18 and 24 hours post-fertilization.3¢
Precisely three neurons innervate each myotome, and each follows a
stereotyped pathway and forms synapses with a particular region of the
myotome. Homology cloning and iz pive manipulation®”-38 have been
used to identify mechanisms by which this precision is achieved. Several
evolutionarily conserved proteins, such as semaphorins, have been found
to be expressed in the myotome in restricted regions. Ectopic expression
of one of these cues, using laser activation of a heat-shock promoter
driving Sema3Al expression, caused abnormal pathfinding of
motoneurons.

Genetic screens have provided a number of mutants with abnormal
innervation of myotomes. Two types of screens — a motility test and
antibody labeling of motoneurons — have been used. One mutant
with motility defects is ackhe, which encodes the acetylcholinesterase
gene.?® This enzyme is required to remove the neurotransmitter
acetylcholine from the synaptic cleft. Mutants, in addition to defects
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in the neuromuscular junction, have reduced dendritic outgrowth in
Rohon—-Beard cells, a transient population of sensory neurons in the
larva. This mutant provides a good example of how zebrafish has
provided a unique insight into vertebrate nervous system development
in the vertebrate. A role for acetylcholinesterase in dendrite formation
was not suspected before, as the mouse mutant had far more subtle
defects, presumably owing to the presence of a compensating enzyme
not present in zebrafish.

An exciting possibility for zebrafish would be to combine genetics
with iz vitro assays and i» vivo imaging. For example, it would be
informative to carry out growth cone turning assays with mutants that
have cell-autonomous guidance defects. This should be possible with
both spinal neurons and retinal neurons, as culture systems have now
been described. Additionally, the transparency of zebrafish should be
further exploited to image signaling events during axon guidance and
synapse formation. A number of GFP-based reporters are now available
for calcium*®*! as well as for cAMP.#? Expression of these genes in
individual neurons, either transiently by lipofection or electroporation,
or stably in transgenic lines, combined with confocal microscopy, can
be used to monitor signaling events iz vivo.*3 GFP-synaptobrevin, which
has been used successfully in Xenopus** and C. elegans®® to visualize
synapses, will be a useful marker for studies on synapse formation.

Function of the Nervous System: Sensory Perception
Mechanotransduction

The zebrafish develops a functional nervous system within days, enabling
larvae to escape predators and detect food. Among the quickly
developing sense organs are the inner ear, which is required for balance,
and the lateral line organ, which detects movement in the water. Both
these sense organs are dependent on mechanotransduction, which is
the conversion of mechanical signals into biochemical signals, in sensory
hair cells. Each sensory hair cell contains an apical bundle of stereocilia
linked to each other by fine tip links. Biophysical experiments have led
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to two theories of how mechanotransduction could occur. In one model,
the “gating-spring” hypothesis, the tip links are thought to be directly
connected to transduction channels and act like springs that open the
channels when the cilia bend in response to vibration.*¢ In the second
model, membrane junctions near the cilia tips are thought to be involved
in stretching the membrane and opening channels.*” To unravel the
molecular mechanism of mechanotransduction in hair cells, and to
distinguish between these two models, genetic screens have been carried
out in flies, worms and zebrafish.

A number of zebrafish mutants with defects in hair cell function
were found in the original Tiibingen screen.*® These mutants were
isolated on the basis of defects in balance, which caused them to swim
in circles. 72-hour-old mutants were also subsequently found to be
non-responsive to vibrations in the water, which can be administered
by simply tapping the dish. Several observations confirmed that defects
in hair cells, and not other parts of the nervous system, caused the
behaviorial abnormalities. To discount the possibility that the Mauthner
neuron or reticulospinal neurons were non-functional, calcium imaging
was carried out on live fish. The entire embryo was labeled by injecting
embryos at early cleavage stages with calcium-green dextran.*® The
hindbrain was then imaged while the fish was stimulated by touch or
vibration; only touch caused neural activity in the hindbrain. The
technique of microphonics®® was then used to prove that these mutants
were deficient in mechanotransduction. Microphonics, which measures
the electrical field in the water near a hair cell bundle, is especially well
suited to the analysis of systems where hair cells are exposed, such as
the hair cells of the zebrafish lateral line. In combination with whole-
cell patch-clamp, three mutants with morphologically normal hair cells
were found to be defective in mechanotransduction.

Analysis of the zebrafish genome has been used to address a major
question in the field of mechanotransduction, namely the molecular
identity of the transduction channel. Analysis of the human and mouse
genomes have failed to reveal any homolog to the best characterized
mechanotransduction channel in invertebrates — nOMPC. Remarkably,
this gene was found in a bioinformatics analysis of the zebrafish
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genome.”’ A morpholino knockdown of this gene, combined with
physiological analysis of morphants, provided strong evidence that this
is indeed the mechanotransduction channel in vertebrates.

Both forward and reverse genetics in zebrafish, in conjunction with
physiology, have thus been instrumental in increasing our understanding
of mechanotransduction, and hence hearing, in vertebrates. Although
hearing mutants have been characterized in mice, it is much more
difficult to physiologically analyze hair cells that are deeply embedded
within the cochlea of higher mammals. It is the presence of hair cells
on the outside of the embryo that makes zebrafish an experimentally
powerful system. The zebrafish mariner gene encodes a myosin VIIa,>2
which is also mutated in the human deafness syndrome, Usher 1B.
Zebrafish circler mutants, such as mariner, may thus provide useful
models for human deatness.

Odor Perception

Aside from the hair cells of the lateral line organ, there is one other
class of neurons in the zebrafish that directly contacts the external
environment. These are the sensory neurons of the olfactory system.
Olfactory sensory neurons are tightly embedded within the epithelium
of the olfactory pits.>® Their dendrites, which contain odorant receptors,
contact the surrounding water, and their axons project to the olfactory
bulb. In mammals, each sensory neuron appears to express only one
allele of one of a thousand odorant receptors.>* The zebrafish is less
complex, possessing only one hundred or so odorant receptors.>®
Neurons expressing a given receptor are scattered within one of four
zones in the olfactory epithelium, but appear to converge to one
glomerulus in the olfactory bulb.

A number of advances in our understanding of the development of
the olfactory system have come from studies on mammals. For example,
the use of targeted recombination technology has enabled receptor swap
experiments, which led to the conclusion that the odorant receptors
themselves have a key role in targeting olfactory axons to specific
glomeruli, and not only in reception.’® Indeed, the receptors themselves
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were cloned initially from rats.’” It is possible that odorant receptors
can transduce some sort of directional cue, and have recently been
shown to play a role in sperm chemotaxis.?®

One question in the olfaction field has been how odor stimuli in
the external world are converted into neural representations in the brain,
enabling conscious perception of the chemical world and an appropriate
response. A traditional method to investigate this question has been
to use electrophysiology to record responses in the olfactory bulb. An
alternative would be to use optical recording, as this allows the analysis
of large populations of neurons simultaneously; this method of analysis
has been used successfully in zebrafish.

The first step in understanding the response of olfactory neurons
came from imaging calcium transients in glomeruli.’® A calcium dye
was loaded into neurons of living adults by removing cilia with Triton
X-100. After recovery of the cilia (which is where odorant receptors
are located), the olfactory bulb together with the epithelium was
removed and the response to odorants imaged. Different odorants were
found to activate a different combination of glomeruli. In this way,
odor information is converted into spatial information within the brain,
confirming what had been predicted by electrophysiological experiments.
Remarkably, insects appear to utilize a similar mechanism of encoding
odor information.

Electrophysiology can provide temporal information that is very
difficult to obtain with optical approaches. However, with the use of
a lipophilic voltage-sensitive dye, it has been possible to obtain temporal
data on the response of populations of olfactory sensory neurons in
the zebrafish.%® Indeed, imaging neuronal activity at high speed with
voltage-sensitive dyes, has reinforced the concept of time and not just
of space, in the perception of smell.®! The concentration of an odor,
for example, is converted into frequency.

To turther understand the processing of odorants in the brain, it
will be necessary to look at other neurons in the circuit, specifically
the mitral /tufted cells and their downstream synaptic partners. This
can be done in a relatively crude way by injecting calcium-responsive
membrane permeable dyes into the forebrain. A more refined way would
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be to create transgenic lines expressing activity reporters in these specific
neurons. Another important step for analysis of the olfactory system
would be a large-scale mutant screen. Behavioral screens, or
morphological screens using GFP lines with expression in olfactory
sensory neurons, should provide a more detailed molecular
understanding of how vertebrates perceive the chemical world.

Network Function

An organism’s behavioral repertoire, from simple reflexes to higher
cognition, derives from the patterns of interconnectedness among its
neurons. The zebrafish provides an opportunity for an extensive
integrated approach towards understanding behavior, given its tractability
at all stages and levels of development, using a very broad range of
techniques.®>7%7 Here we will highlight work on the sensory-motor
feedback systems controlling reflexive eye movements, and the motor
control network mediating escape responses.

The Visual System

Visual cues can evoke a number of reflexive responses in zebrafish,
such as the optokinetic response, the optomotor response and the escape
response.%? The optokinetic response refers to the involuntary movement
of eyes while tracking a moving object. In the optomotor response,
zebrafish adjust their swimming to ensure that they do not move relative
to their surroundings; forward swimming is thus triggered when
backward movement is simulated by moving the surroundings. The
visually-evoked escape response occurs when a dark object or shadow
suddenly appears, as would occur in the wild when a predator looms
overhead.

These robust responses have been used as the basis for a number
of genetic screens.%%% Such screens are useful in identifying which
retinal ganglion cell population, or which target area in the midbrain,
might mediate a particular response. They may also be useful in
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investigating neuronal circuits further downstream. In zebrafish, retinal
ganglion cells project their axons to ten targets, the largest of which is
the optic tectum, described earlier. Most other targets are in the pre-
tectal area, and one is at the optic chiasm. At present, it is not clear
what determines the choice of target, nor what the functions of the
targets are. The optic tectum itself has been suggested to function in
learning and memory,”%7? while the pre-tectal targets are thought to
be involved in reflexive responses. The supra-chiasmatic nucleus, as in
higher vertebrates, is probably involved in the circadian rhythm.

Twelve mutants with defective or abnormal OKRs have been isolated;
these seem to be due to specific defects in the visual pathway, rather
than general brain development abnormalities, motor apparatus, or
improper retina formation. The majority of these mutations await
molecular identification. The few that have been molecularly identified
to date are grumpy and sleepy,”?® and lakritz.”*

As one might expect, some of the OKR mutants exhibit aberrant
retinotopic mapping, implying that the visual input is not properly
represented in the tectum, or have altered retinal electrophysiology or
anatomy. Interestingly, many other mutants that show abnormal
retinotectal projections show normal OKR, indicating that the tectum
may not be required for mediating this behavior. This was recently
confirmed by laser ablation of the tectal neuropil, the RGC innervation
site in the optic tectum. OKR in these treated fish was normal”?
furthering earlier results based on surgical ablation.”®

A screen for genes that affect the escape response in low light yielded
the night blindness b mutant.”® This mutant has reduced dopaminergic
interplexiform cells, suggesting that this population of retinal cells is
required for dark adaptation. Remarkably, this response requires
innervation of the terminal nerve from the olfactory bulb, as ablation
of the bulb phenocopies the »nbb b mutation.

The Touch Response

Zebrafish larvae exhibit both visual and tactile stimulus-induced escape
responses very early in development. Later, they swim in short
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spontaneous bursts. There are over 30 locomotor mutants in about 10
phenotypic classes resulting from the 1996 Tiibingen screen.”” This set
expectedly overlaps to some extent with the axon guidance mutants.

The touch-induced escape response consists of a rapid coiling of the
tail, and by 27-hpt shows directional sensitivity: a tap on the head
results in a full coil and reorientation away from the stimulus, while
a tail touch results in a partial coiling response.

The larval skin is extensively innervated by two classes of sensory
neurons that transduce the initial input to the escape response circuity.
The Rohon-Beard cells are a transient array of neurons positioned
along the trunk of the fish, while the cells of the trigeminal ganglion
innervate the head. Both of these cell types send outputs to the
Mauthner array in the hindbrain.”® This array consists of 3 pairs of
reticulospinal neurons, the two prominent Mauthner cells and two
additional pairs of homologous neurons in adjacent segments. From
the hindbrain, signals are sent to muscles to effect the escape behavior.

Due to the relative ease of iz vivo functional imaging, this system
has proven itself amenable to detailed analysis. By loading the
reticulospinal neurons of live embryos with a Ca?" sensitive dye (by
injection into the caudal spinal cord to avoid lesioning the hindbrain),
O’Malley and colleagues” showed that the differential response to
anterior and posterior stimuli corresponded to differential activation of
the cells of the Mauthner array. While a tail touch resulted in activation
of only the Mauthner neuron (resulting in a small contraction on the
contralateral side), a head touch activated all three homolog and
produced a large contraction.

This same group has mapped the location of all reticulospinal neurons
of the hindbrain, which can be identified from fish to fish by position
and morphology. This has allowed a systematic approach for determining
function in restrained, behaving fish using iz vive imaging. The
functional relevance of the observed correlations between neuronal
activity and behaviors can be tested by single-cell laser ablations of
particular hindbrain neurons.

Transgenesis techniques that target subpopulations of cells promise
an extension of this type of study. The availability of genetically encoded
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fluorescent calcium indicators means that more difficult to access
neuronal populations can be targeted for analysis. To this end,
Higashijima ez al*3 recently used such a construct under the neuronal
promoters of HuC and islet-1 to show that imaging could be done at
single action potential resolution. Calcium transients were measured
from Rohon-Beard neurons during stimulation of the skin, and from
primary motoneurons and spinal interneurons during an escape
response.

Ultimately, determining the functional organization of neural
networks requires approaching a system on multiple levels. In the
zebrafish, several labs have been able to address questions in this way,
combining genetics, embryology, and molecular biology. The macho
(mao) mutant was described in the 1996 screen as possessing
abnormalities in the retinotectal projection, touch response, and
locomotion.?>”7 In 1998 it was determined by electrophysiology that
mao fish were defective in sodium channel function, and were thus
unable to propagate action potentials normally.8? The 1999 OKR screen
described earlier showed that this mutant was also defective in
visuomotor responses.® The utility of this mutant is obvious: it provides
researchers with zebrafish in which normal neuronal function has been
genetically compromised, essentially mimicking the effects of activity-
blocking drugs. In the last few years, mao0 mutants have been employed
to demonstrate the activity dependence of the refinement of the visual
map in the tectum®! and in the programmed cell death of the larval-
specific Rohan-Beard neurons.®?

Space cadet embryos also show defects in locomotion and retinal
axon pathfinding.”” The guidance errors of space cadet RGCs led Lorent
et al33 to investigate the possibility that similar errors in a different
neuronal subpopulation underlie the locomotion defect. This group
used high-speed video analysis to demonstrate that the mutants fail to
properly initiate escape responses, and discovered axonal defects in the
spiral fiber neurons. These cells normally extend commissural axons
that wind around and synapse on the Mauthner cell axons and modulate
their activity. However, in space cadet fish, spiral fiber axons were absent
from specific commissures, and failed to synapse with Mauthner cells.
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Severing the affected commissures in wild-type larvae phenocopied the
aberrant space cadet escape response. The study of this mutant
demonstrates how network formation and function can be dissected by
integrating genetic, embryological, and behavioral approaches. The range
of techniques available in zebrafish allows for sophisticated and detailed
analyses of such systems.

Concluding Remarks

The coming years should see the development of more sophisticated
tools, for example the silencing or activation of genes in different parts
of a circuit. This, combined with more ingenious screens for genes
involved in neuronal function, will surely lead to a considerable advance
in our understanding of the brain.
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Development of the Primary Nervous
System of the Zebrafish Embryo
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The early zebrafish embryo develops a simple primary nervous system that controls
motility. Similar to that of the nematode C. elegans, this primary nervous system is
composed of a relatively low number of neurons and is amenable to observation and
experimental manipulation at the single cell level. The primary nervous system is derived
from neurogenic regions in the neural plate. Several conserved gene loci are required
for the development of the primary neurons, suggesting that the molecular mechanisms
underlying neurogenesis are strongly related to that of the fruitfly Drosophila
melanogaster and higher vertebrates. Since inhibition of gene activity or mutations in
the zebrafish emulate many human hereditary disorders, it renders the zebrafish an
attractive model for the study of vertebrate nervous system development and human
hereditary diseases.

Introduction

Zebrafish embryos begin to move towards the end of the first day of
development, showing spontanecous bends of the body axis. By two
days of age, embryos have a stereotypic escape behavior, the so-called
startle or fast-start response, which entails a rapid bend of the body
axis away from the source of the tactile stimulus followed by swimming
movements. !

As a prerequisite, the nervous system of the zebrafish embryo
develops very early. The first neurons are born during gastrulation,
soon after the specification of the neurectoderm at the dorsal side of
the embryo.?? Many more neurons exit the cell cycle in subsequent
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neurula stages during which the neural plate is transformed into the
neural tube.*® At the end of the first day of development, the early-
born neurons have formed a scaffold of axon tracts and neuronal
connections that control embryonic motility.>* More neurons are added
to the nervous system in subsequent stages.!? These later-born neurons
are frequently referred to as secondary neurons to distinguish them
from the early-born primary neurons.!! Unlike teleost and amphibian
embryos, higher vertebrates do not form a primary nervous system.
The early-developing, primitive nervous system of the zebrafish may
thus be a survival strategy for free-swimming vertebrate larvae. It was
thought until recently that the regulatory principles underlying the
development of the primary nervous system are distinct from those of
secondary neurogenesis. However, recent findings suggest many
mechanistic similarities raising the question of evolutionary relation of
the two nervous systems.

We will summarize here the current knowledge on the mechanisms
underlying the development of the primary nervous system of the
zebrafish embryo. We will first provide a sketch of the anatomy of the
nervous system and then introduce regulatory genes and their function
in neurogenesis with emphasis on the primary nervous system. A detailed
description of axonogenesis and the development of the nervous system
during late embryonic and larval stages are beyond the scope of this
review (see Chapter 5 by Jesuthasan S in this volume).

Different Classes of Primary Neurons
Occupy Characteristic Positions in the
Embryonic Nervous System

As that of other vertebrates, the neural tube of the zebrafish embryo
is highly polarized with distinct neuronal cell types along the
dorsoventral and anteroposterior axis. The large cell bodies of the
primary sensory neurons are localized dorsally in the spinal cord.!? In
the one-day old embryos, these neurons, which are also called Rohon—
Beard sensory (RB) neurons, express the LIM homeobox transcription
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factors Islet-1 (Fig. 1A), Islet-2 (Fig.1B), the T-box transcription factor
Tbx2b (also Tbx-c) and the basic helix-loop-helix (PHLH) transcription
factors Neurogeninl (Ngnl, Fig. 1H) and NeuroD.3!3-18 RB sensory
neurons mediate touch response in the trunk and tail of the embryo
and early larvae.!? They extend long, highly branched dendrites under
the surface of the skin and project via long ascending axons into the
dorsal longitudinal fascicles, early forming axon tracts at the dorsolateral
aspects of the spinal cord.!? RB sensory neurons are transient structures
and are replaced by the peripherally located sensory neurons of the
dorsal root ganglia during later stages.!”

Intermediate positions of the spinal cord are occupied by interneurons
(Fig. 1C, D). Interneurons comprise a heterogeneous class of cells
(Fig. 1E) that differ in morphology, axonal and dendritic projections
and gene expression.”?? One can distinguish at least eight different
types (Fig. 1E). For example, commissural primary ascending or CoPA
neurons have a large T-shaped cell body with dendrites extending into
the dorsolateral longitudinal fascicle (DLF) at the dorsolateral aspects
of the spinal cord (Fig. 11). The CoPA neuron projects an axon ventrally
that crosses the ventral midline above the medial longitudinal fascicles
in the ventrolateral spinal cord. After crossing the ventral midline of
the spinal cord, the CoPA axon turns dorsally and rostrally and ascends
in the DLF of the contralateral side.”?® Other interneurons may have
unipolar cell bodies, cross the midline below the Mauthner neuron or
have descending processes.”?? (see Fig. 1E for an overview). Little is
known about the function of the individual types of interneurons of
the spinal cord. The smooth wave-like swimming movements of the
trunk and tail entail a complex interplay of activating and inhibitory
input.?22 It is assumed that interneurons play a role in the co-
ordination of the startle response and the swimming movements.

Specific gene markers were reported only for a few classes of
interneurons and we are far from such a comprehensive description of
interneuronal gene expression as that reported for the different classes
of interneurons in the mammalian spinal cord.?® The bHLH factor
Zashlb is broadly expressed in many different interneurons.?*
(Fig. 1C). CoPA interneurons are characterized by the antigen
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Fig. 1 Primary neurons of the spinal cord of a one-day-old zebrafish embryo.

A: The LIM-homeodomain transcription factor Islet-1 is expressed in the Rohon-Beard
sensory neurons (rb). In a subset of primary motor neurons (m) this gene is initially
expressed in all three motor neurons and later on its expression disappears in the CalP/
VaP after they initiate expression of Islet-2, but maintains in the RoP and MiP motor
neurons.'* B: The LIM-homeodomain transcription factor Islet-2 is expressed in the
Rohon-Beard sensory neurons (rb) and in VaP and CaP primary motor neurons (m).!#
C: The bHLH transcription factor Zashlb is expressed in many if not all interneurons

(i) that occupy intermediate positions of the spinal cord.?*.
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recognized by the monoclonal antibody CON1.” The dorsal longitudinal
ascending (DoLA) interneurons are marked by expression of the T-box
gene spadetnil,?®
interneurons express pax2.1 (pax-a, Fig. 1D).2°

Motor neurons are located at the ventrolateral aspects of the spinal
cord slightly above the floor plate (Fig. 1F, G). Three primary motor
neurons (named RoP, MiP and CaP) are usually formed per
hemisegment. A fourth motor neuron (VaP) appears transiently but is
normally eliminated by apoptosis.!*27?8 Motor neurons can be

while commissural secondary ascending (CoSA)

distinguished by their position within a hemisegment and pattern of
innervation of the adjacent somitic muscle (Fig. 1G). While CaP extends

Fig. 1 Continued

D: Expression of the paired /homeodomain transcription factor Pax2.1 marks commissural
secondary ascending interneurons (CoSA).2® E: At least eight different types of primary
interneurons were identified in the spinal cord.”?° These differ in morphology, projections
and dorsoventral position within the spinal cord. Scheme was redrawn from Hale e a/.2°
F: The LIM-homeodomain transcription factor Lim3 is expressed in motor neurons (m).
Note that besides of the three primary neurons also the first secondary neurons are positive
in respect of this marker. G: Scheme illustrating the axonal projections of the three primary
neurons RoP, MiP and CaP. The axon of RoP grows into the medial aspects (R) of the
adjacent somitic muscle, while CaP and MiP project to the ventral (“C”) and dorsal aspects
(“M”) of the somite, respectively. H: Expression of the bHLH transcription factor
neurogeninl (ngnl). ngnl transcripts are present at low levels in most neurons of the
spinal cord. Rohon-Beard sensory neurons (rb) and some ventral cells show higher
transcript levels. I: Rohon-Beard sensory neurons (rb) extend dendrites (d) under the
epidermis. The dorsal longitudinal fascicle (DLF) runs along the dorsolateral aspect of
the spinal cord.!?

Embryos are shown in lateral views at the level of the hindgut extension. Dorsal is up
and anterior is to the left. Abbreviations: CiD, circumferential descending interneuron;
CoBL, commissural bifurcating longitudinal interneuron; CoL.A, commissural longitudinal
ascending interneuron; CoPA, commissural primary ascending interneuron; CoSA,
commissural secondary ascending interneuron; d, dendrite; DLF, dorsal longitudinal
fascicle; m, motor neuron; McoD, multipolar commissural descending interneuron; n,
notochord; nt, neural tube; rb, Rohon-Beard sensory neuron; UcoD, unipolar
commissural descending interneuron; VeMe, ventral medial interneuron.
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its axon ventrally, the other two neurons, MiP and RoP, innervate the
dorsal and intermediate muscle fibers of the somite, respectively
(Fig. 1G). The axon tracts of primary motor neurons mark the path
along which later-born secondary motor neurons extend their axons.?%-39
Recently, the first mutant affecting axonogenesis of the primary motor
neurons was identified.3! In the stumpy mutant, motor axons extend
to the horizontal myoseptum similar to the axons in wild-type embryos,
but then fail to reach their final targets in time. While the molecular
defect in the mutant is still unknown, this analysis supports the idea
that successful axonogenesis in vertebrates, similar to that in
invertebrates, depends on intermediate targets.3?

As in other vertebrates, the hindbrain or rhombenencephalon of the
zebrafish embryo is a highly segmented structure.33-3¢ Early developing
reticulospinal interneurons (Fig. 2D) and later differentiating
branchiomotor neurons develop in the specific hindbrain segments or
rhombomeres.>37#0 Gene expression domains have also been proposed
to divide the forebrain (comprising telencephalon and diencephalon)
and midbrain (mesencephalon) into segment-like compartments.
However, they are less obvious on the basis of their morphology and
pattern of neurogenesis (Fig. 2A, B) than the hindbrain segments, which
are divided by well-characterized intersegmental boundaries and express
specific molecular markers.3>#1743 In contrast to higher vertebrates,
primary motor neurons of the zebrafish spinal cord are also arranged
in a highly segmented fashion with three primary neurons developing
adjacent to each somite block.?”>3¢ Some, but less strict, segmental
organization is obvious in the arrangement of the interneurons,”?’
RB sensory neurons appear to develop at random positions with respect

while

to the somite boundaries.!> However, in contrast to the hindbrain and
forebrain, a segmented pattern of gene expression such as that of
krox20** and the homeobox genes*® found in the hindbrain has so far
not been demonstrated in the spinal cord. The segmental arrangement
of certain primary neurons in the spinal cord may thus be imposed by
the mechanistic requirements or inductive influence of the adjacent
somitic tissue and does not reflect an intrinsic segmented organization
of the spinal cord.
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(E) F

Fig. 2 Neural patterning in the brain of a one-day-old zebrafish embryo.

A: mgnl transcripts in the head. B: Expression of islet-I mRNA in the brain. C, D: Axon
tracts in the head.*! E, F: Brain territories and axon tracts in the brain (redrawn from
MacDonald et al*!).

Orientation of embryos is dorsal up and anterior to the left. Abbreviations: ac, anterior
commissure; DLF, dorsal longitudinal fascicle; dvdt, dorsoventral diencephalic tract;
e, epiphysis; ey, eye; MLF, medial longitudinal fascicle; nMLF, nucleus of the medial
longitudinal fascicle; nPC, nucleus of the posterior commissure; poc, postoptic
commissure; sot, supraoptic tract; t, telencephalon; tpc, tract of the posterior commissure,
tpoc, tract of the postoptic commissure.
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The pattern of neurogenesis is more complex in the developing
brain than in the spinal cord. Many different cell groups express ngnl
(Fig. 2A) and #slet-1 (Fig. 2B) in the fore- and midbrain. By the end
of the first day of development, the primary neurons have extended
processes to form a scaffold of neuronal connections (Fig. 1I, 2C to
F).%79 Several commissures connect left and right halves of the brain
and longitudinal tracts relay information along the anteroposterior axis
of the CNS (Fig. 2C to F). By this stage, the trigeminal ganglion,
which has differentiated lateral to the midbrain-hindbrain boundary
(Fig. 2D), extends its highly branched dendrites under the epidermis
of the yolk and head.!? The trigeminal ganglia like the RB sensory
neurons mediate touch response and project to the Mauthner neurons,
the two largest reticulospinal interneurons of the hindbrain residing in
rhombomere 4.46%7 The axon of the Mauthner neuron crosses the
midline to connect via motor neurons to the muscles of the contralateral
side. The trigeminal ganglia like the RB sensory neurons in the trunk
and tail mediate touch response.!? When touched on the side of the
head, the trigeminal ganglion activates the Mauthner neuron, which
leads to contraction of the musculature on the contralateral side.*® As
a consequence, the animal bends away from the source of the tactile
stimulus. There is evidence that other reticulospinal interneurons are
also involved in the neuronal control of the startle response.*3:47

Primary Neurons Form Distinct Domains
in the Neural Plate

The organization of the primary nervous system is pre-figured on the
neural plate. The first territories that express neuronal marker genes
appear during gastrulation. The bHLH transcription factor Neurogeninl
(Ngnl) and the signaling molecule Delta-A are expressed in all areas
of primary neurogenesis in the neural plate (Fig. 3), where they define
neuroblasts or undifferentiated precursor cells.!>-17-5051 Transcripts of
other genes such as the homeobox transcription factor Islet-1 or the
bHLH factor NeuroD appear slightly later in development.!® Their
expression is confined to cells that have already initiated neuronal
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differentiation and have been selected from the ngnl-positive precursor
pool by lateral inhibition as will be discussed below.313:1%:17 The medial
to lateral coordinates of the neural plate are transformed into the
dorsoventral axis of the neural tube.**? Accordingly, cells of the dorsal
neural tube such as neural crest and RB sensory neurons are derived
from the lateral edges of the neural plate. Precursors of motor neurons
reside close to the midline on each side of the future floor plate and
progenitors of interneurons occupy intermediate positions in the neural
plate.>?

Fig. 3 ngnl and delta-A are expressed in an overlapping pattern and mark the sites of
primary neurogenesis in the neural plate. A, B: ngnl expression in the neural plate of
three-somite stage embryos.!®> C, D: Expression of delta-A in the neural plate of three-
somite stage embryos.?! View onto the anterior (A, C) and posterior neural plate (B, D)
giving rise to the spinal cord. Anterior is up. Abbreviations: i, interneuron, m, motor
neuron; rb, Rohon-Beard sensory neuron; rs, reticulospinal interneuron; tg, trigeminal
ganglion; vee, ventrocaudal cluster.
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The precursors of reticulospinal interneurons of the hindbrain are
also already recognizable by distinct ngnl expression domains in the
hindbrain primordium of the neural plate.!>17
detected in medial regions of the midbrain anlage giving rise to the
so-called ventrocaudal cluster (vec), which forms the nucleus of the
medial longitudinal fascicle (nMLF) later in development. ngnl is also
expressed weakly along the anterior edge of the neural plate and in
two clusters of cells lateral to the prospective MHB which will become
the trigeminal ganglia (Fig. 3A). delta-A expression is strikingly similar
to that of ngnl (Fig. 3C, D)*%%! In comparison to the posterior
neural plate comprising the prospective hindbrain and spinal cord, the
anterior neural plate is relatively devoid of ngnl and delta-A expression
(Fig. 3A, C).

Expression of ngnl is

External Signals in the Spatial
Control of Neurogenesis

It is obvious that neurogenesis does not occur uniformly throughout
the neural plate, but is confined to defined regions (Fig. 3). An
important question is therefore how the complex spatial pattern of
neurogenic regions in the neural plate is controlled. The timing and
the pattern of neurogenesis suggest a control by the signaling systems
regulating the development of the dorsoventral and anteroposterior body
coordinates during gastrulation.

Bone morphogenetic proteins (BMPs) that belong to the transforming
growth factor B family of signaling molecules control differentiation of
the dorsoventral body axis during gastrulation.?3>* At early gastrulation
stages, swirl/bmp2b expression becomes restricted to the ventral-most
region of the gastrula forming a gradient of BMP expression along the
dorsoventral axis.’®®® Loss-of-function mutations in swirl/bmp2b,
snailhouse/bmp7 and somitobun/smad5 impair dorsoventral pattern
formation of the gastrula and perturb the pattern of neuronal
differentiation.’”*% The concentration of BMP protein appears to be
relevant in the control of neuronal differentiation: embryos, in which
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BMP signaling is most severely disrupted, fail to develop neural crest,
RB sensory neurons and interneurons, whilst the medial motor neurons
are expanded. Mutants with less severe phenotypes fail to form neural
crest and RB sensory neurons but differentiate instead a hugely expanded
array of interneurons.?”*® These results suggest that BMPs act during
gastrulation on the entire neural plate.>”->® Moreover, they indicate that
BMPs are morphogens in the zebrafish that trigger distinct neuronal
programs depending on the amount of BMP signal that a neuronal
precursor encounters.

In addition to BMPs, development of primary motor neurons has
been shown to depend on Hedgehog (Hh) signaling.?*¢! Three
members of the Hh family of secreted molecules are expressed in the
midline of the zebrafish gastrula and neurula: sonic hedgehoy is expressed
in the floor plate and notochord while echidna and tiggywinkle hedgehog
are expressed in the notochord and floor plate, respectively.2-%* The
Hhs bind to Patched, a multi-pass transmembrane protein on the surface
of target cells. Patched is a repressor of a second transmembrane protein
Smoothened (for a review of the Hh-signaling pathway see Ingham
and McMahon®®). Removal of maternal and zygotic activity of smoothened
blocks signaling by all three Hhs in the embryo. These mutant embryos
fail to form primary and secondary motor neurons demonstrating a requirement
for Hh signaling in the differentiation of motor neurons.®®¢1:%¢ Moreover,
forced Hh signaling by mis-expression of Hhs or constitutively active
components of the Hh-signaling pathway causes the differentiation of
ectopic motor neurons in the spinal cord.!>%

Further signaling is required for induction of hindbrain and spinal
cord identities. Mesoderm of the blastoderm margin was shown by
grafting experiments to be the source of the posteriorizing signals.®”:68
As predicted by the ectodermal fate maps of gastrula stage embryos,
the marginal mesoderm is in close juxtaposition with ectodermal regions
fated to become hindbrain and spinal cord.®® A candidate molecule for
the posteriorizing signal is fibroblast growth factor 3.7 While these
posteriorizing signals from the blastoderm margin mediate the rough
subdivision of the neural plate in anterior and posterior regions, they
fail to explain the complex pattern of neurogenic regions in the neural
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plate. Very little is understood about the underlying mechanisms. It
is envisaged that the cross-talk between dorsoventral patterning systems
such as BMPs and Hhs and the anterior-posterior signaling systems
will generate distinct positional cues in the neural plate.”!”> Moreover,
secondary signaling centers within the neural plate such as the floor
plate, the midbrain/hindbrain boundary or the anterior neural ridge

lead to an elaboration of the spatial pattern of neurogenesis.”37>

Pre-Pattern Genes in the Neural Plate

The positional information conveyed by these signals is believed to be
interpreted by expression of so-called pre-pattern genes. These genes act
upstream of the neural determination or proneural genes such as ngnl.
Subsequently, neural differentiation genes act downstream of the proneural
genes forming a hierarchy of gene switches that ultimately determine
the specific differentiation of the post-mitotic neuron (Fig. 4). The area
of expression of many pre-pattern genes cover wide areas of the neural
plate within which proneural genes are expressed in a spatially much
more restricted fashion.*17678 This suggests that these pre-pattern genes
act in combination rather than individually as regulators of neurogenesis.

The ngnl expression in the midbrain anlage and in the trigeminal
ganglia is dependent on the homeobox transcription factors Iroquoisl
and 7 (irol, ir07).”° Curiously, 770 genes were initially identified as pre-
pattern genes in Drosophila defining the sites of expression of the
proneural genes achaete and scute.3° Thus, aspects of the spatial control
of neurogenesis appear to be conserved between insects and teleosts.
In agreement with an ancient function in neural patterning, the
expression of the known #roquois genes is restricted to the midbrain
anlage and the more posterior neural plate, while the evolutionary novel
forebrain does not express these genes.”6~78

Yet another parallel to Drosophila is indicated by the action of the
hairy/enhancer-of-split related factor Her5, which, like its Drosophiln
homolog Hairy, is a negative regulator of neurogenesis.31:32 The
midbrain-hindbrain boundary region (MHB) is normally devoid of
neural differentiation.8? When, however, the activity of Her5 is blocked
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Fig. 4 The gene hierarchy controlling primary neurogenesis. A: Pre-pattern genes define
region of neurogenic potential. Examples for positively acting factors are 7701, i707 and
narrowminded (red) which define the position of proneural (neural determination) gene
expression.”? %5, In surrounding regions (green), neurogenesis is suppressed by negatively
acting factors. Examples are the bHLH-WRPW factor Her5%2 or the zinc finger
transcription factor Zic 2.8% B: Proneural (neural determination) genes (blue) such as
nmgn1'® and possibly also 0/ig2''% are expressed in regions of neurogenic potential. C:
Neural progenitors are selected by lateral inhibition. Proneural gene expression is
suppressed in surrounding cells. These cells are a pool of progenitors for subsequent
neurogenesis and gliogenesis to form, for example, secondary motor neurons,”® neural
crest® or glial cells.!® D: Neural differentiation genes (yellow) are expressed in committed
neural precursors. These genes control specific aspects of neural differentiation and render
the cells resistant to lateral inhibition. Examples for such genes are the transcription factors
Collier!?8129 and MyT1,13% the bHLH factors NeuroD!%!7 and LIM-homeodomain
factors such as Lim3'# and Isletl.?
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by antisense morpholinos, ectopic ngnl expression and neuronal
differentiation is evident in this region.8? Moreover, forced expression
of her5 suppresses ngnl expression in the regions where ngnl is normally
expressed. Thus, Her5 is a negative regulator that prevents neurogenesis
in the MHB region.8?

There are also indications for restrictions of neurogenesis in the
posterior neural plate. Embryos overexpressing ngn1 form a large number
of ectopic neurons in the non-neural ectoderm that express neuronal
markers such as islet-1.1> The number of islet-1 positive cells in the neural
plate of mis-expressing embryos remained, however, unchanged. In
particular, the regions separating the stripes of differentiating primary
neurons did not show any ectopic ulet-1 positive cells, suggesting that
these regions of the neural plate, in contrast to the non-neural ectoderm,
are refractory to mgml-controlled neuronal differentiation. The
corresponding regions in Xenopus laevis embryos express the zinc finger
factor Zic 2 that acts as a repressor of neurogenesis when overexpressed,
suggesting that neurogenesis in these intervening regions of the neural
plate is actively repressed in the Xemopus embryo.®3 It remains to be
seen whether zebrafish have zic2 homologs and whether they act in the
same way as proposed for Zic2 in Xenopus embryos. Curiously, in
zebrafish ngnl can trigger ectopic delta-A and -B gene expression in
these neuron-free intervening regions even though it fails to induce zslez-
I-positive cells (Blader P and Strihe U unpublished). This suggests that
not all aspects of neuronal gene expression are blocked in these neuron-
free regions of the zebrafish neural plate. The differential response may
be due to the fact that Ngnl is a direct regulator of delta gene expression.
Indeed, an upstream regulatory sequence was recently identified in the
delta-D gene that contains E-boxes, the binding sites of Ngnl. This
regulatory element is activated by mgnl expression and this response
depends on intact E-boxes.3*

In principle, negatively acting factors would be sufficient to paint
the entire pattern of neurogenesis on the neural plate. There is, however,
also evidence for positively acting factors that promote neurogenesis.
We have already mentioned the 770l and 7 genes. Mutations in the
narrowminded locus abolish the development of RB sensory neurons
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and early differentiating neural crest cells.8> RB sensory neurons are
selected from a progenitor pool by lateral inhibition.8¢ Progenitors, in
which the Notch pathway is activated, develop into neural crest. Cell
transplantation indicated a cell-autonomous function of narrowminded
in neural plate cells.3> As both neural crest and RB sensory neurons
are affected, the marrowminded gene appears thus to control the
development of the common progenitor cells. The narrowminded
function is dispensable for later developing neural crest cells (but not
for RB sensory neurons), indicating temporally distinct mechanisms of
neural crest specification.$?

Primary Neurons are Selected from Pools of
Precursors by Lateral Inhibition

The molecular mechanisms controlling neurogenesis in the zebrafish
neural plate bear resemblance to those employed in neurogenesis of
Drosophila melanogaster.8°° The areas in the neural plate, from which
the primary neurons develop, comprise initially a lot more cells than
eventually develop into post-mitotic primary neurons.!® Thus, as in
Drosophila, primary neurons appear to be selected from a pool of
precursor cells. The transmembrane receptor Notch and its membrane-
bound ligand Delta are involved in this selection process, which is also
referred to as lateral inhibition.”%?! Ngnl expression delineates the areas
of neural precursors, some of which express higher levels of Delta.!5:50:51
As a consequence Notch is activated in neighboring cells leading to
expression of repressors of the hairy/enhancer of split class (named
her in the zebrafish). Her proteins harbor a bHLH domain and a
WRPW motif that binds the co-repressor Groucho. They suppress
expression of ngnl and delta genes and prevent neural differentiation.
In particular, her4 transcripts are abundantly present in the neural plate
in a pattern very similar to that of ngnl.?

The neural plate expresses several delta and notch genes.”%23-9% which
act in a redundant manner that complicates functional analysis. At neural
plate stages, the deltn-A and delta-D genes are expressed in a pattern
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very similar to that of ngn 1592194 (Fig. 3). The overlapping expression
patterns of ngnl and delta genes suggests that the genes are functionally
connected. Mis-expression of zgnl induces ectopic delta gene expression,
while inhibition of Ngnl caused down-regulation of delta-A.15°6
Moreover, it was recently shown that ngnl is a direct regulator of
transgenes containing regulatory sequences of the delta-D gene.3* Thus,
ngnl appears to be structurally and functionally related to proneural
genes of Drosophiln.®” Also as predicted from the neurogenic phenotype
of delta mutations in Drosophila, mutations in the delta-A gene increase
the number of primary neurons.”® Similarly, mutations in the delta-D
gene (also called after eight) have a neurogenic phenotype.”® The panel
of zebrafish mutations contains other, in molecular terms, uncharacterized
mutants that also increases the number of primary neurons such as
deadly seven.°° Mutations in zebrafish homologs of Notch genes have
not been identified so far. However, an increase of primary neurons
is observed, when Delta-Notch signaling is blocked by an inhibitor of
v-Secretase, the protease required to process Notch upon Delta
binding.!'®! A similar neurogenic phenotype has been observed in
another mutant mind bomb.'%> This locus encodes a RING ubiquitin
ligase, which interacts with the intracellular domain of Delta to promote
its ubiquitination and degradation. Mind bomb tunction is essential in
the signaling cell for efficient activation of Notch in neighboring cells.!0?
In summary, the bHLH transcription factor ngnl defines neurogenic
regions in the neural plate that are functionally similar to proneural
domains in the imaginal disks of the fruitfly. Primary neurons are selected
from these regions by Delta-Notch-mediated lateral inhibition—a process
that requires most likely the repressor Her4 as downstream effector
(Fig. 5).

What is the fate of the cells that are prevented from becoming
primary neurons? delta-A mutants as well as embryos overexpressing
dominant negative variants of delta genes show a reduction of secondary
motor neurons, suggesting that the increase in the number of primary
neurons in these embryos occurred at the expense of the secondary
neurons.”® Delta-Notch signaling thus appears to maintain progenitor

cells so that they can be available for later, secondary neurogenesis.”
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Fig. 5 The principle of lateral inhibition. Initially, all the cells within the proneural cluster
or neurogenic domain in the neural plate express ngnl that controls expression of delta-
A and delta-D (panel A, brown) By analogy with the cells of the proneural clusters in
the imaginal disks of Drosophila melanogaster®®, these cells appear to form an equivalence
group where each cell has the potential to develop into a neuron. Indeed, when lateral
inhibition is blocked by mutation or forced expression of dominant negative delta genes,
many more neurons develop from these regions.!®? Moreover ablation of committed
motor neurons leads to recruitment of neighboring cells.”® In the normal embryo, a few
cells start to express higher levels of Delta-A or Delta-D (Panel B, pink cell). This leads
to increased activation of the Delta receptor Notch in the surrounding cells and
suppression of the neuronal program (Panel B, blue cells). Even though it has not directly
been demonstrated in the zebrafish embryo, it is assumed that subsequent steps of Delta-
Notch signaling (indicated by two consecutive, short arrows) are similar to those shown
in other systems.888%10L131 Upon ligand binding, the intracellular domain of Notch is
released from the membrane by proteolysis and forms a complex with homologs of
supressor-of-hairless proteins. This complex activates the expression of the bHLH-WRPW
repressor her4,?> which in turn blocks expression of ngnl and delta genes (Panel B,
blue cells). As a consequence, these cells are prevented from immediate entry into the
neuronal differentiation program. The mechanism by which cells are endowed with the
ability to express higher levels of delta genes is not well understood. Stochastic
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In the dorsal neural tube another cell fate decision is controlled by
Delta-Notch signaling. There, it regulates the partitioning of cells into
neural crest and RB sensory neuron fates: inhibition or lack of Delta-
Notch signaling shifts the cell fate towards RB cell differentiation and
depletes neural crest cells. Hence, Delta-Notch signaling represses ngnl
expression and thereby prevents progenitors to enter the RB sensory
fate.86:9¢ Another possible role of Delta-Notch signaling may be the
control of glial cell development as suggested by studies in higher
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vertebrates and in the retina of the zebrafis

bHLH Genes as Regulators of Neuronal Subtype

Another central question is what controls differentiation of distinct
neurons at different locations. The bHLH gene ngnl is broadly
expressed in the neural plate, which suggests that it may control
development of many distinct neurons.'®!” Overexpression of ngnl
induces ectopic delta gene expression and leads to aberrant
differentiation of neurons in non-neural ectoderm.!®!¢ The ectopic
neurons, however, expressed most abundantly markers specific for RB
sensory neurons and trigeminal ganglia.!> Neurons expressing
interneuron marker were restricted to certain sites in the embryo and
ectopic motor neurons were only scored when the Hh pathway was
activated artificially in embryos mis-expressing ngn1.'> In agreement
with a role in sensory neuron development, lack of ngnl activity impairs
development of RB sensory neurons, the trigeminal and dorsal root
ganglia.36:105-197 Eyen though ngnl is also expressed at the other sites
of primary neurogenesis it does not seem to be required for neuronal

Fig. 5 Continued

fluctuations in delta expression levels have been proposed to generate initially small
differences in delta expression, which are then amplified by the negative feedback loop
between neighboring cells. Alternatively certain cells may be endowed with higher delta
expression by extrinsic signals from the very beginning and Delta-Notch signaling would
then lead to a refinement and reinforcement of this initial bias.””
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differentiation in these regions. The mouse has several ngn genes that
are partially redundant.!%3-113 The existence of a related ngn gene with
overlapping functions in the motor neuron and interneuron precursors
remains to be demonstrated in the zebrafish. The zebrafish ngn3 gene
is expressed in the ventral hypothalamus in post-somitogenesis stage
embryos and may have a role as proneural gene during secondary
neurogenesis in the ventral forebrain.!!*

Motor neuron differentiation depends on Olig2, another bHLH
protein.!® The Olig2 gene plays a role not only in motor neuron but
also in oligodendrocyte differentiation suggesting a functional link
between these two distinct cell types characteristic for the ventrolateral
aspects of the neural tube. Indeed, differentiation of both cell types
depends on hedgehog signals. 0/ig2 is expressed in the neural plate
from mid-gastrula stages onwards.!'®> When its protein expression is
knocked-down by a morpholino-antisense approach, primary motor
neurons and oligodendrocytes fail to differentiate.!!® Expression of 0/ig2
in the medial neural plate requires an intact Hh-signaling pathway
suggesting that 0/i52 acts downstream of Hhs.!!> Mis-expressed o0lig2
triggers the ectopic differentiation of oligodendrocytes and motor
neurons in wild-type embryos. However, the ectopic differentiation of
motoneurons and oligodendrocytes does not occur in embryos that
have a compromised Hh signaling pathway.!!> This suggests that Olig2
is necessary but not sufficient, and that other Hh-dependent factors
are required in addition for motor neuron and oligodendrocyte
differentiation.

Zashla and b, two homologs of the mouse Ashl and the Drosophila
Achaete and Scute proneural bHLH factors may be other zebrafish
neural determination genes. zash1b is broadly expressed in interneuron
progenitors of the neural plate.!>?* This expression is delayed with
respect to that of ngnl and it remains to be tested whether zash1b has
proneural function in the neural plate. The function of bHLH genes
within the gene hierarchies controlling neurogenesis can vary. For
example in the mouse, ngnl can act as a neural determination
(proneural) gene in a certain context, such as the development of
epibranchial placodes or the dorsal root ganglia.!'!-113 In a different
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context, such as the neurons of the olfactory epithelium, ngnl acts
downstream of the Achaete-Scute homolog Mashl and can thus be
classified as a later acting neural differentiation gene.!'¢ In the two-
day old brain of the zebrafish embryo, zashlb is widely expressed in
the ventricular zone, a region where neurons are born before they
migrate to the pial surface.'l”
located in subventricular regions at these stages suggesting that ngnl
expression is confined to differentiating post-mitotic neurons.!!” This
pattern of expression suggests that zash1b acts upstream of ngnl in the
two-day-old zebrafish brain and that ngnl may have a downstream
neuronal differentiation function in this context.

In contrast, ngnl expressing cells are

The Regulatory Elements Controlling Gene
Expression in Primary Neurons are Conserved
among Vertebrates

Several cis-regulatory regions were identified upstream of the zebrafish
ngnl coding sequence.!'® These regions control distinct and overlapping
aspects of the ngnl expression pattern in the neural plate. One regulatory
region (named Lateral Stripe Element or LSE), located between —6702
and —6490 upstream of the ATG, drives expression in the lateral neural
plate in the precursors of the RB sensory neurons. A second enhancer
(ANPE, between —3116 and —3122) controls aspects of ngnl expression
in the anterior neural plate. The activities of these regulatory elements
precede that of a third regulatory region, which is located at more
proximal positions and has an overlapping activity with the ANPE and
LSE in older embryos.!'® Thus multiple regulatory regions appear to
drive ngnl expression in primary neurons in the zebrafish.

When compared to the 5' region of the human and mouse homolog
of ngnl, the regulatory regions map to islands of conserved sequence!!®
(Fig. 6). This remarkable conservation is not only restricted to the
regulatory architecture of the ngnl gene but it was also noted for
the regulatory elements of the zebrafish and mouse delta gene
homologs.8%11° This suggests that both lower and higher vertebrates
utilize conserved mechanisms to build their nervous systems. In
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agreement, transgenes carrying reporters under control of zebrafish ngnl
regulatory elements drive expression in the mouse neural tube,'?? (Blader
P, Scardigli S, Guillemot F and Strihle U unpublished). This suggests
that primary and secondary neurogenesis differ in timing but share
regulatory mechanisms. Neurogenesis in vertebrates thus probably relies
on a similar set of regulatory factors. A central but so far unresolved
question is what determines the timing of neurogenesis in lower and

(B) zebrafish ngn1

LSE LATE
1 1 I"
/ "
S|

human ngn1

Fig. 6 Multiple regulatory elements control the expression of zgn1 in transgenic zebrafish
embryos. A: Transgenic zebrafish embryo (two days) harbouring the green fluorescent
protein under control of a 3.4 kb ngn1 upstream sequence.!'® B: Summary of regulatory
elements mapped by deletion analysis in the 8.4 kb upstream region of the zebrafish
ngnl locus. The diagram at the bottom indicates the regions of homology shared with
the human ngnl locus. Note that both the order and the orientation of the regulatory
elements are conserved.!!8
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higher vertebrates. This question is linked to the question of the
evolutionary origin of the primary and secondary nervous systems. Is
the primary nervous system the more ancient nervous system? Has it
been lost during evolution of higher vertebrates as it is not necessary
for embryos developing in an amnion?

Irrespectively, the conservation of regulatory mechanisms indicates that
analysis of the development of the simple primary nervous system of the
zebrafish will prove extremely helpful in unraveling the principles of
vertebrate neurogenesis in general. In particular, the experimental virtues
of the zebrafish system such as simplicity of the primary nervous system,
transgenesis,' 217124 forward genetics'?>12¢ and antisense technologies!?”
in an optically translucent embryo will provide an efficient way to analyze
development of a functional vertebrate nervous system.
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Chapter 7

Making Scents: Development and
Function of the Olfactory Sensory
System
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“I should think we might fairly gauge the future of biological science, centuries
ahead, by estimating the time it will take to reach a complete, comprehensive
understanding of odor. It may not seem a profound enough problem to dominate
all the life sciences, but it contains, piece by piece, all the mysteries.”

— Lewis Thomas

As indicated by Lewis Thomas, the olfactory sensory system is a spectacular sensory
system holding all the mysteries of the biological world. The olfactory organ arises
as a highly orchestrated interaction between the placodally derived tissues forming the
sensory epithelium and the neural crest derived cells that will form the structural
clements encasing the olfactory epithelium. Once formed, the sensory neurons must
forge axonal connections with the developing olfactory bulbs and maintain the fidelity
of these connections throughout life. This is a particular challenge in the olfactory
system for the sensory neurons undergo constant regeneration throughout life. The
olfactory sensory neurons express odorant receptors in order to interact with the world.
Recently it has been shown that the genes encoding the olfactory receptors number
around 100 in fishes and 1000 in mammals, making up a large part of their respective
genomes. Thus the developing sensory neurons must choose to express a given receptor
type and maintain the representation of the receptors in a constantly regenerating
epithelium. Fish have long been a classic model for the study of neurocthology; we
can now couple this knowledge with cellular and molecular tools to unravel the
development of the amazing olfactory sensory system using the world’s largest group
of vertebrate animals, the fishes.

Correspondence to: Genetics and Development, Neurobiology and Behavior, Department
of Molecular Biology and Genetics, 445 Biotechnology Building, Cornell University,
Ithaca, New York 14850, USA. E-mail: kewl3@cornell.edu, phone: 607-255-4289.

216



Olfuctory sensory system development 217

1. Amazing Conservation: Organization
of Olfactory Sensory Systems

1.1. Fish as a Model System

The zebrafish has emerged over the last decade as a pre-eminent model
system for the study of developmental biology and genetics in vertebrate
animals.! But fish have been a popular group of animals for the study
of developmental biology, as well as neurobiology and behavior, long
before the emergence of zebrafish as a model system. This is evidenced
in the carly developmental work on killifish? and behavioral work by
von Frisch using schooling fishes.>* As a group, the fishes make up
approximately 50% of all vertebrates. The Actinopterygiian fishes (this
group includes teleosts) comprise 96% of the fishes, and the hagfishes
(Myxini), lampreys (Cephalaspidomorphi), cartilaginous fishes
(Chondrichthyes), and lungfishes and Coelacanth (Sarcopterygii)
comprise the final 4% (see Pough et al® for a review). Fishes as a
group share a common ancestor with the tetrapods and thus share
common features of cellular and molecular mechanisms controlling
developmental pathways (Fig. 1A). In addition, the fishes show a
spectacular diversification and adaptation to a variety of environments.
Along with this diversification, fish have become specialists for any given
system, be it a physiological specialization or a sensory specialization.
As a result, a number of fishes have become popular models for various
aspects of specialization including, but not limited to, evolutionary
changes (cichlids), behavior (salmon), physiology (catfish, goldfish), and
genomics (Fugu, zebratish) (Fig. 1B). Therefore, the fishes are an
excellent model system not only for the study of nervous system
development and function, but also for the study of molecular and
genetic pathways controlling development. In addition, the fishes are
a unique group of animals to study when investigating the
developmental and genetic changes that lead to the appearance of
specialized systems.

While fish are an excellent model system for the study of
developmental biology and the specialization of sensory systems, the
olfactory sensory system is notably spectacular in its conservation of
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Fig. 1 Phylogenic relationship among common model systems (A) and among teleost
fishes (B). (A) Zebrafish is an advanced fish whose ancestor arose before the appearance
of tetrapods. (B) Zebrafish is a cyprinid most closely related to the goldfish, a common
experimental model in the study of the olfactory system (from Metscher and Ahlberg!3?).

structure and function across invertebrate and vertebrate animals. The
basic structure of having olfactory sensory neurons with their cell bodies
located in a peripheral epithelium and their axons terminating in a
highly ordered olfactory bulb, is an organization maintained across
animals as diverse as insects,® rodents,”8 and fish.?

1.2. Sensory Epithelium

The olfactory sensory system transduces signals from the outside world
through a group of sensory neurons having a direct connection with
the central nervous system (CNS). These olfactory sensory neurons
(OSNs) have cell bodies that arise in the peripherally located olfactory
placode and their axons grow into the CNS (Fig. 2A). In the periphery
odorants bind to the odorant receptors located on the dendrites of the
OSNs and this stimulation conveys information about food, conspecifics
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Fig. 2 Olfactory system of the adult zebrafish. (A) Intact brain showing olfactory rosettes
(arrows) connected to the olfactory bulbs (arrowheads) via the olfactory nerve. (B)
Electron micrograph of sensory epithelium showing microvillar (mv), support cells (sc)

and ciliated sensory neurons with elongated dendrites (d). (C) Ciliated non-sensory cells
14).

in the olfactory epithelium (B, C) from Hansen and Zeiske
and mates. In vertebrates the primary sensory neurons regenerate
throughout life where the new OSNs are generated by basal cells located
within the olfactory epithelium. In addition, there are various types of
non-sensory cells within the olfactory epithelium such as sustentacular
cells or support cells that surround the sensory receptors within the
epithelium, secretory cells, and ciliated non-sensory cells (Fig. 2B,C).
Regeneration is proposed to occur as a result of neurons “sensing”
OSN density through a lateral inhibition type mechanism where new
OSN's are generated in response to a decrease in neuronal density (see
Murray and Calof!? for a review).

The olfactory epithelium of fishes is contained in a cavity with
anterior and posterior nares through which the water flows across the
epithelium. The sensory receptors are contained within the highly folded
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olfactory epithelium and these structures are called the olfactory rosettes
(Fig. 2A, arrows). In general fish have around 10 OSNs while mammals
have 10-50 times more.” Fish, unlike mammals, have several types of
OSNs appearing together within the olfactory epithelium (see Laberge
and Hara® for a review). In zebrafish the sensory epithelium of the
adult animal has been described through scanning and electron
micrograph analysis! 112
analysis.!® Within the epithelium there appear to be two commonly

as well as histological and immunocytochemical

seen OSNs, one type has dendrites bearing cilia containing microtubules
(ciliated OSN), and the second type has dendrites bearing microvilli,
with actin (microvillar OSN) (Fig. 2B). A third recently described
sensory cell type is the crypt cell, which has both cilia and microvilli,
and has an axon exiting the epithelium.!»!* These different sensory
cell types appear to have different receptors, regenerative properties
and functional roles, which will be discussed later in the chapter.

1.3. Olfactory Bulb

The axons of the sensory neurons must grow into the olfactory bulb
(Fig. 2A) where they terminate in characteristic clusters called glomeruli,
structures that have been observed in the olfactory bulb (by Ramon y
Cajal.’®) It is within the glomeruli that the axons contact second order
mitral and tufted cells, these cell types are present across vertebrates,
although the organization varies.” Zebrafish, like other vertebrates, have
a laminated bulb with olfactory nerve, glomerular, mitral /plexiform, and
granule cell layers, and these layers are immunocytochemically positive
for neurotransmitters observed in the olfactory bulb of other vertebrate
animals.!® In zebrafish, there is a distinct glomerular pattern that is highly
reproducible across individuals where any given fish has approximately
80 glomeruli per olfactory bulb.!316.17

1.4. Terminal Nerve

In vertebrate animals the olfactory nerve is associated with a cranial nerve
called the terminal nerve. In mammals this nerve is mixed with the
olfactory and vomeronasal nerves and terminates in the telencephalon.
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In fish, in contrast, the terminal nerve is separated from the olfactory
nerve and while it too terminates in the telencephalon, it also has direct
projections to the retina (Fig. 3A).!8 Whether the terminal nerve in fish
is equivalent to or different from the nucleus olfactoretinalis is a matter
for discussion for which there is no space in this chapter (see Laberge
and Hara® for a review). The neurons that give rise to the terminal
nerve have cell bodies lying adjacent to the olfactory capsule and extend
their axons centrally, although the position of the cell bodies of this
cranial nerve vary greatly across fishes. The cell bodies can be uni-, bi-; or
multipolar and the termination sites for these axons are variable depending
upon the animals studied. Additionally, terminal nerve processes have

GOLDFISKH TERMINAL NERDE

VISUAL OLFACTORY

Fig. 3 Terminal nerve system associated with the olfactory sensory system. (A) Diagram
of the terminal nerve showing the projections within the olfactory sensory system (right)
and extending to the retina system (left). (B) Cross-section of the zebrafish retina showing
GnRH immunoreactivity in the optic nerve and retina (arrows). (A) from Stell ez a.1%).
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been described in the olfactory epithelium and a subset of terminal nerve
axons terminate in the retina of the eye (Fig. 3B), where they release
cither FMRFamide or gonadotropin-releasing hormone (GnRH)
(Fig. 3B, arrows). Previously, and possibly still, the terminal nerve was
thought to have a function transducing olfactory signals via the olfactory
epithelium. But at this point in time it is generally agreed that the terminal
nerve has a neuromodulatory function in the nervous system. This nerve
is thought to play a role in modulation of the olfactory epithelium (dwarf
gourami'®??) the retina (white perch?!) and targets within the CNS.

2. The Olfactory Placode Arises from the Edge
of the Developing Neural Plate

2.1. Origin

Many of the original experiments examining the development of the
olfactory placode were done in frog and chick embryos. Unlike frog
and chick, the zebrafish nervous system develops through secondary
neurulation. Therefore, the anterior neural plate shows no clear
morphological neural ridge, as that seen in frog and chick. As a result,
when comparing zebrafish embryos with the frog and chick embryos,
the “edge of the neural plate” and the “neural ridge” are equivalent.

The vertebrate olfactory organ develops from the olfactory placode,
a transient structure evident at the end of neural tube formation.
Originally it was thought that the olfactory placodes arose from the
induction of overlying ectoderm, much like the lens of the eye. But,
with more refined techniques for labeling and following cells in the
early embryo, it was possible to localize the origin of the olfactory
placode to the neural ridge or neural plate as opposed to the non-
neural ectoderm (Figs. 4-6). Because of differences in developmental
timing it is difficult to draw direct analogies between species, but to
date the collective model drawn from morphological analysis in mouse,??
quail-chick chimeras,?? and single cell lineage tracing in zebrafish,?* is
that the olfactory placodes arise from within the edge of the neural
plate of the developing embryo. But the mechanisms giving rise to the
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formation of the olfactory placode from the edge of the neural plate
remain a mystery. One model is that the olfactory placodes develop
from the edge of the neural plate by becoming isolated by differential
cell movements (see Farbman?® for a review) and this small piece of
neural plate will become surrounded by non-neuronal tissue as
development proceeds (Fig. 4A). Recent work in the zebrafish has shown
not only that the olfactory placode develops from an olfactory field
within the anterior neural plate (Fig. 6), but that it does so in the
absence of cell division in the six hours preceding the appearance of
the olfactory placode.?* As a result of the lack of cell division it was
proposed that the olfactory placode (and telencephalon) develop through
the anterior convergence of the cells in the olfactory placode field
(Fig. 4B).2* This model has been supported by work in the chick embryo
using Dil to label small groups of cells at the 4-somite stage. In these
embryos it has been shown that the otic placode develops through
extensive cell movements, and that these cells converge to form the otic
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Fig. 4 Model for the development of the olfactory placode. (A) Chick neural plate with
edge (red) that will dissociate from the edge of the neural plate through differential cell
movements. (B) New model where olfactory placode forms through the anterior
convergence of cells in the olfactory placode field (arrows) (modified from Farbman?®).
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placodes in their final position adjacent to rhombomeres 5-6.2¢ Thus,
cell convergence (as opposed to localized cell division) at the edge of
the neural plate may be a common mechanism for placode formation
across vertebrate animals.

2.2. Gene Expression in the Olfactory Field of the Anterior
Neural Plate

In the zebrafish, early fate maps from 60-90% epiboly show that the
olfactory placode/telencephalic regions arise from a region clustered at
the animal pole?” with the olfactory placodes arising from the lateral
regions.?® As somitogenesis and neurulation proceed, specific genes are
expressed in a strip, like an upside down horseshoe, evident at the
anterior end of the forming neural tube, the region from which the
olfactory placodes arise. Some of the genes expressed in this region are
transcription factors such as distal-less-3, dIx3*%; distal-less 7, dix7%%; and
eyes absent, eyal3! (Fig. 5). These genes along with others®? such as
six4.1,33 appear to be expressed in the same region at the anterior end
of the neural plate (Fig. 5A).3* This region of gene expression correlates
with the proposed “placode domain”, a region at the anterior end of
the neural plate that will give rise to placodes (see Torres and Giraldez3*
for a review). The initial expression of these genes in the edge of the
neural plate is maintained in the differentiated olfactory placode
(Fig. 5B, C). In this model these transcription factors would work to
restrict the developmental potential, thus defining the specific placodes.
To truly test the model in zebrafish, experiments where cells are
transplanted from this placode region at different developmental stages
could be done in order to confirm the potentials of the cells at this
unique border of the anterior neural plate.

2.3. Induction

While there is a general model for placode development where placodes
are induced from overlying ectoderm as the neural tube forms, the
olfactory placode develops from within the neural plate. At the onset
of somitogenesis the genes involved in olfactory placode formation are
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Fig. 5 Model for induction of olfactory placode. (A) Olfactory placode competence as
reflected by expression of eyal and dix3 in the anterior neural plate. (B) Olfactory placode
specification as reflected by Adix3 (red) in the converging anterior neural plate. (C)
Olfactory placode commitment and formation with 4/x3 expressed in the olfactory placode
(blue). (D) Regional and cell fate specification as reflected by differentiation of OSNs in
the olfactory organ (red). (E) Diagram depicting the sequential exposure of the placode
domain to the underlying endoderm, mesoderm and neurectoderm, proposed sources
of signals involved in placode formation. (A) from Sahly ez 2/3; (B) from Whitlock and
Westerfield?4; (D) from Whitlock and Westerfield®3; (E) from Torres and Giraldez3*).

already being expressed, and as somitogenesis proceeds the expression
patterns of the “placode domain” genes (see above) become more
restricted, reflecting the cellular changes that give rise to the olfactory
placodes. But what in fact is the inducing signal(s) triggering the
formation of the olfactory placodes? If one thinks of the open neural
plate stage, the edge of the neural plate is at first overlying the endoderm.
Then, as the neural plate forms, it comes in contact with the mesoderm
and finally the neural tube (Fig. 5E) (see Whitlock and Westerfield?*,
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and Farbman?® for a review). Presently there are no data defining the
inductive signal(s) triggering the formation of the olfactory placode. It
may be that the development of the olfactory placode is not generalizable
across placodal derivatives.® For example, while it is agreed upon that
the lens of the eye is induced from the overlying ectoderm through an
interaction with the underlying neural tube, no such interaction appears
to take place for the olfactory placode. In the zebrafish, the olfactory
placode fate maps alongside the telencephalon and appears to develop
in concert with the olfactory bulb in the zebrafish®* (Fig. 6) rather then
being induced by this tissue. A second proposed source of inductive
signals for the developing olfactory placode is the anterior mesendoderm
as it transiently comes in contact with the region that will give rise to
the olfactory placodes (see Baker and Bronner—Fraser®? for a review). To
date, no data exists in zebrafish to support or refute this idea. A final
possible source of inductive signals is the cranial neural crest that initially
flanks the posterior border of the olfactory field (Fig. 6). This group
of cells will migrate anteriorly to form the nasal capsule and it could
be this interaction of neural crest and olfactory precursors that triggers
the formation of the olfactory placode.

2.4. The Differentiating Olfactory Organ

Once the olfactory placode is formed, as evident by its morphological
appearance (Fig. 7), neurons need to be generated (Fig. 5D). Based
on early work in Drosophila, we have a clear idea of the genetic cascades
determining the development of both central and peripheral sensory
neurons. In general, the genes controlling neural differentiation fall
into two classes, the so-called “proneural” genes belonging to the
achaete-scute (AS-C) complex of which there are four genes, achacte,
scute, asense, and lethal of scute,3® and the neurogenic genes, notch and
delta.3” In Drosophila the AS-C genes are involved in the differentiation
of the peripheral nervous system (PNS), while the atonal gene plays
an analogous role in the CNS (and chordotonal organ). The vertebrate
homologs of these genes have been cloned in zebrafish. Presently
there are two Zebrafish achaete-scute homologues (Zash) Zash-1a and
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Fig. 6 Fate map of the olfactory placode field in the zebrafish and chick embryos. (A)
Anterior neural plate cells are color coded for their fate when scored at two days (B).
(C) Fate map for the anterior neural plate of chick. Right hand side has been color coded
to reflect the findings of the zebrafish, namely by expanding the olfactory placode field
back to meet anterior limit of cranial neural crest (above red arrow), ((A, B) modified
from Whitlock and Westerfield?4; (C) modified from Kalcheim and Le Douarin®!).

Zash-1b, although there may be more Zash genes to be uncovered.?®
At present time there is no evidence that the Zash genes are expressed
in specific PNS cells, such as the precursors of the OSNs in the
developing sensory epithelium, as seen in Drosophila. Both Zash-1a and
Zash-1b are expressed as early as 12 hours post-fertilization (hpf) in the
developing telencephalic region, although their pattern is different.38:3
Additionally, an atonal-like gene neurogenin which plays a role in lateral
inhibition, has been cloned from zebrafish**#! and is expressed in the
developing nervous system in regions where neuroD is expressed.? The
neuroD gene is a downstream target of neurggenin and is expressed
in the anterior neural plate “horseshoe” pattern, in the olfactory placode,
and the telencephalon domains (Fig. 5).#! Recently, a group of nenroD-
related (ndr) genes was cloned and two of the genes, ndrla and ndrlb,
are expressed starting at 22 hpf and the expression pattern was limited
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Fig. 7 The development of the olfactory placode in the gar (Lepidostens) (A) and the
bullhead (Ameiurus) B, showing transverse sections at 112 hpf (upper panel) and 120 hpf
(lower panel, B). (A) The connection between the olfactory placode and neural tube is
starting to form at 120 hpf. (Note the orientation of the olfactory placode /neural tube is
reversed in I and II ). (B) The forming olfactory nerve is evident at 120 hpf'in the bullhead.
The terminal nerve cells are seen associated with the olfactory nerve. (A) from Brookover!18;

(B) from Brookover and Jackson!1?).

to the olfactory system, namely the olfactory bulb and the olfactory

organs.*?

The neurogenic genes notch and delta have also been cloned in the
zebrafish. In the zebrafish there are four delta homologues, delta A-D.
The delta A, B, and D genes appear to be involved in primary
neurogenesis (as opposed to somitogenesis).*3 Of the four notch genes
in the zebrafish, notchla, notchlb, notchs, and notch6 the first three are
expressed in the CNS.** In the olfactory epithelium notch1A (few cells)
and deltaA (few cells) are expressed, but rather than having cells
expressing these genes distributed throughout the olfactory epithelium,
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the expression is in a small cluster of cells in the olfactory epithelium.
The neuroD gene is more strongly and uniformly expressed in the
developing olfactory placode.

Based on the expression of the neurogenic genes coupled with
markers for cell division and neuronal differentiation, a secondary
neurogenesis has been reported by Mueller and Wulliman3® to take
place at two days post-fertilization. Surprisingly, heavy labeling for
proliferating nuclear cell antigen (PCNA), a marker for cell division,
in the olfactory epithelium at two days is shown. This is in sharp contrast
to the low level of cell division reported using an antibody against the
phosphorylated histone H3 which marks cells in M-phase.?4*> In
addition, this report of high levels of cell division does not agree with
small clone sizes and thus low rate of cell division reported in fate
mapping of the olfactory placode?* and eye anlage.*®

Interestingly, the Hu antigen staining, a marker for newly
differentiated neurons, is much more spatially restricted when compared
to the PCNA labeling, suggesting that a large portion of the PCNA
positive cells are non-neuronal. Thus, while the proneural and
neurogenic genes are expressed in the developing olfactory placode
there does not seem to be a pattern of expression prefiguring the
differentiation of the OSNs, although more data are needed to make
this statement conclusively. Additionally, the pattern of cell division in
the olfactory epithelium as reported by PCNA labeling does not agree
with the low level of cells division reported for the olfactory placode
using lineage analysis and a different cell division marker.

2.5. Mutations Disrupting Olfactory Placode Development

Very few mutants that specifically affect the development of the
olfactory organ have been uncovered. A genetic deletion that includes
the dlx3 gene was isolated and shown to be lacking the olfactory and
auditory organs among other defects.*” Further analysis showed that
the deficiency also covered the Adlx7 gene, a gene whose expression
pattern is almost identical to that of 4ix3. In fact it has been shown
by using morpholino technology*® to “knock down” both 4/x3 and
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dlx7, the nose and ear can be eliminated.*” A recently described mutant
isolated in an olfactory behavior screen shows defects specific to the
targeting of the OSN axons in the developing olfactory bulb.?? As
more information and markers become available for analysis of the
olfactory sensory system, it will find its place in future genetic screens
in zebrafish.

2.6. Structural Elements of the Olfactory System Arise from
Cranial Neural Crest

An oft overlooked fact is that the olfactory epithelium is embedded
in the olfactory capsule and that this structural element of the nose
has a different embryonic origin from that of the olfactory
epithelium. During vertebrate development the most anterior cranial
neural crest cells migrate anteriorly in a route traveling dorsal to
the eye (Fig. 8), and form the frontal mass, part of which is the
olfactory capsule (see Le Douarin and Kalcheim®' for a review).
While there is much known about cranial neural crest development
in the zebrafish as it relates to the branchial arch derivatives giving
rise to jaw elements,®® the route of crest migration passing dorsal
to the eye is not well described. In Medaka, the components of the
neural crest contributing to the head have been mapped out.’3 In
this study the derivatives of the neural crest were assayed by recording
the resulting defects in head skeletal elements after removing parts
of the neural crest. Removal of cells overlying the prosencephalon
did not disrupt the skeletagenic elements of the head skeleton. The
next section posterior (mesencephalic) most severely disrupted the
formation of the orbitonasalis or nasal capsule, the anterior orbital,
and ethmoid (Fig. 8C, D). This region corresponds to the anterior
limits of cranial neural crest. In zebrafish there have been intensive
genetic screens that have uncovered a myriad of mutants affecting
early development. Many of the mutants affect the development of
neural crest derivatives of the branchial arches and pigment,>®° but
there have not been any mutants identified that specifically affect
the structural elements of the nose.
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" dIx3/tkh6

Fig. 8 Formation of the skeletal elements of the face associated with the olfactory system.
(A) Cranial neural crest (purple) migrates anterior starting at 6-8 somites. (B) Pre-
migratory crest expresses fkh6 (blue) and placode field dix3 (red). (C) Skeletal elements
derived from anterior cranial neural crest in the Medaka. (D) Skeletal elements of the
head labeled with calcein. ((C) from Langille and Hall®3; (D) courtesy of the Zebrafish
Living Laboratory Resources).

3. The Olfactory Bulb Arises from the Anterior
Neural Plate

3.1. Gene Expression in the Developing Olfactory Bulb

The olfactory bulb is part of the telencephalon and fate maps to the
animal pole of the gastrulating zebrafish.?”?8 At the neural plate stage
the telencephalon is localized anterior to the cranial neural crest domain.
The telencephalic domain expresses the genes emxl and emx2,°° with
emxl localized to the telencephalon and emx2 expressed in the
telencephalon and other regions of the developing brain such as the
diencephalon. These nested emxl/emx2 domains are bordered laterally
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by the dix3 expression pattern marking the olfactory placode fields
(Fig. 6). As has been observed in Xenopus,>” the olfactory bulb domain
also expresses dix3 in the zebrafish, but at a much lower level than
the olfactory placode domain. Thus, the olfactory placode and
telencephalon both express 4lx3 and appear to develop in concert.?*
These two adjacent fields of cells converge anteriorly to form their
respective adult tissues. The pioneer neurons, a specialized class of
neurons whose axons first make the connection between the olfactory
placode and bulb, enter the developing olfactory bulb in the emxI
expression domain.®® As the OSNs in the placode differentiate there
appears to be corresponding differentiation in the olfactory bulb as
interneurons are seen in the same temporal pattern.?* It is the interaction
of the axons of the OSNs with the developing telencephalon that
triggers the further development of olfactory bulb.5 The developmental
plasticity of the central olfactory processing center is directly affected
by the input of the OSN axons.

3.2. Axonal Input and Olfactory Bulb Development

One of the few developmental and comparative studies of the olfactory
bulb of the juvenile zebrafish reports that the olfactory bulb shows a
50% decrease in volume if deafferented at three weeks of development,
whereas the adult bulb shows a 15% loss after deafferentation.®® This
is in agreement with observations from other vertebrate animals showing
that the development of the olfactory bulb is dependent upon the
input from the OSN axons.®! In addition, the authors report that the
juvenile zebrafish have a much reduced bulb size at three weeks when
compared to the adults, even when corrected for size. This indicates
that at three weeks of development the juvenile zebrafish has not reached
the characteristic adult size olfactory bulb. Comparative studies indicate
that there may be a metamorphosis-like event in zebrafish. Up until three
weeks of age the pearl danio, D. albolineatus, the giant danio
(D. aquipinneatus/ D. malabaricus), and the zebrafish D. rerio, appear
similar in the pigment pattern after which they take on their divergent
color patterns observed in the adult animal.®?> It would be interesting
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to see at which developmental time the severe affect of deafterentation
is lost, for perhaps the severe effects of deafferentation would no longer
be evident once the fish had reached its adult pigment pattern. Another
interesting observation from Poling and Brunjes® is that the olfactory
bulb of the giant danio (Danio aequipinnatus) is pedunculated rather
then sessile, meaning that the tracts from the olfactory bulb are easily
accessible, and could therefore be experimentally manipulated, much
like in the goldfish. Like the olfactory epithelium, the olfactory bulb
undergoes constant neurogenesis throughout life. In the adult fish the
glia of the olfactory nerve and the interneurons of the internal cell
layer undergo cell division as judged by BrdU labeling.®® The rate of
neurogenesis increases upon deafferentation in the developing and adult
animal.®* If the sensory axon input is removed by removing the olfactory
placode during development, the olfactory bulb region of the
telencephalon is substantially reduced.®! Therefore, the olfactory placode
and olfactory bulb develop in concert with one another, and it appears
that the olfactory placode has an inductive influence on the development
of the olfactory bulb through the axons of the OSNs.

4. Axon Guidance: The Connection of the Olfactory
Sensory Axons with the Developing Olfactory Bulb

4.1. Guidance Cues

The axons of the olfactory sensory neurons make very specific and
highly stereotyped connections with the developing olfactory bulb. As
first suggested by work on the trout®® and subsequently on the
zebrafish,'¢ the olfactory sensory axons converge on a given region of
the olfactory bulb, but the cell bodies lie dispersed in the sensory
epithelium showing little spatial pattern. Subsequently, work in mammals
refined this original observation to show that the axons whose neurons
express a given olfactory receptor converge on a single set glomeruli
within the olfactory bulb.®® The cues proposed to guide the formation
of precise axonal connections during development of the olfactory
sensory system are varied, ranging from cell surface molecules, to
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olfactory receptors, physiological activity, glia, and pioneer neurons (see
Lin and Ngai® for a review). There is a large data set showing that
the axons of the olfactory sensory system express a variety of cell-
surface molecules and that these molecules can to be localized to subsets
of the olfactory axons in the mouse.®® Additionally, it has been proposed
that the olfactory receptors may play a role in axon guidance in targeting
the OSN axons to their specific glomeruli.®”

4.2. Cell Surface Molecules

It has long been known that cell surface molecules are important for
axon guidance during the development of the nervous system, and
there are specific classes of cell surface adhesion molecules found in
the developing olfactory sensory system.®37% A cell adhesion molecule
whose expression in the olfactory system has been well studied is the
neural cell adhesion molecule (NCAM). In addition to the olfactory
sensory system, the NCAM protein is expressed on many neurons and
is important for axon guidance in the developing nervous system.
NCAM is in the immunoglobulin superfamily of adhesion molecules
and this superfamily includes molecules such as the olfactory cell
adhesion molecule (OCAM), found in mouse,”! and the fasciclin II
molecule found in Drosophiln.”? This family of molecules can be
differentially glycosylated, creating greater diversity in function. For
example the embryonic form of NCAM in mammals is polysialated
whereas the adult form is not. NCAM is expressed in the developing
olfactory system of mouse,”? and knock-outs of NCAM have a general
effect on axon fasciculation and glomerulus formation.”* In a recent
set of experiments in mouse, overexpression of two different isoforms
of OCAM had specific effects on the segregation of identified sensory
axons in the olfactory bulb.”® In the zebrafish, three cell adhesion
molecules from this family have been cloned, including homologous
forms of NCAM and OCAM, and a novel form named zPCAM.”® By
in sitn hybridization, NCAM is highly expressed in the developing neural
tube and zPCAM also shows neural tube expression though to a lesser
degree, although zZPCAM does not appear to be expressed in the olfactory
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epithelium. The zebrafish OCAM is expressed in the developing olfactory
bulb, like in mouse, and shows a highly restricted pattern in the anterior
bulb in the region of first OSN axonal projections.’®”¢ Additionally,
polysialic acid (PSA), a carbohydrate attached to NCAM, is detectable
in the olfactory bulb at 30 hpf using an immunocytochemical analysis.””
Thus, NCAM, its carbohydrate epitope PSA, and OCAM, are all found
in the developing olfactory system of the zebrafish as has been reported
in other vertebrates.

4.3. Olfactory Receptors

The recent finding that the mRNA of olfactory receptors can be detected
in axon terminals within the glomeruli”® has led to the proposal that
the olfactory receptors have a dual role: they transduce odorant signals
in the dendrites and control axon guidance in the terminals.”® Work
in mouse has shown that if the promoter region of one receptor is
paired with the coding region of another (driving the lacZ reporter
gene), the axons are misrouted in the olfactory bulb. The hypothesis
is that the coding region of the receptor should provide an address
within the glomeruli so that even though they were being driven by
a different promoter, the axons should terminate in their normal target
glomerulus. Curiously, the axons are not mis-directed to the glomerulus
that is appropriate for that coding sequence, rather the axons terminate
in an intermediate region.®’ Therefore it is difficult to rule out whether
the loss of specificity of guidance is due to a role for the receptor in
axon guidance or to the chimeric construct. Thus the receptors may
play a role in axon guidance. This is an intriguing idea, but there has
yet to be a demonstration of protein expression in the axon terminals.
While this level of genetic manipulation is not yet possible in the
zebrafish, recently a transgenic manipulation of protein kinase A has
led to the suggestion that axon targeting is in part due to protein
kinase A (pkA) signaling. In experiments where pkA signaling was either
constituitively activated or impaired under the olfactory marker protein
(OMP) promoter (a OSN specific promoter), the constituitively active
pkA signaling affected axon growth in the olfactory bulb and a decrease
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in pkA signaling affected the ability of axons to exit the developing
olfactory placode.8°

4.4. Pioneer Neurons

In zebrafish, the first connection between the olfactory placode and
the bulb is forged by a set of specialized neurons called pioneer
neurons.”® Pioneer neurons were originally defined based on a finding
made in the developing peripheral nervous system of the grasshopper,3!
but have subsequently been found in the developing nervous system
of vertebrates.3? Pioneer neurons are unique in that they establish a
pathway and then undergo programmed cell death once the adult axons,
which follow them, have made connections to the target site. Thus,
they are a transient cell type involved in axon guidance. In the zebrafish,
pioneer neurons for the olfactory sensory system appear at 20 hpf as
large cell bodies in the basal part of the olfactory placode juxtaposed
to the telencephalon. These pioneers extend their processes onto the
developing telencephalon in the region expressing emxI®® where they
branch and form a glomerular-like pattern (Fig. 9A, B). The ablation
of the pioneer neurons results in the misrouting of following OSN
axons into the anterior commissure, thus bypassing their normal route
into the developing olfactory bulb.?® In a complementary study involving
transgenic zebrafish expressing GFP driven by the C. elegans unc-76
gene, which allows the GFP to be expressed throughout the axon,
development of the OSN axons was visualized in the living embryo.
The olfactory neurons expressing GFP were imaged during development
and showed that the axons make directed growth and do not extend
filopodia in an exploratory manner.33 This is consistent with the finding
that only the axons of the pioneer neurons show filopodial, exploratory-
like behaviors when extending into the CNS (Fig. 9C, arrows).258
The pioneers are also unique in that they arise from the specific region
of the anterior neural plate and do not divide in the time between
labeling (12 hpf) and scoring (28 hpf).>® Because the olfactory receptors
have been implicated in axon guidance,”” and the olfactory receptors have

been cloned in the zebrafish, 3485 the association between receptors and
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Fig. 9 Pioncer neurons in the olfactory organ of the zebrafish. (A) Olfactory sensory

neurons (red) follow the pioneer neurons (green) into the developing olfactory bulb which
expresses emxl (stippled). Pioneer neurons do not express olfactory receptors (orange)
and undergo programmed cell death (purple nuclei). (B) Developmental time course of
the appearance of the different cell types and receptors shown in A. (C) 1: Pioneer neurons
initially show simple growth cone (arrow). 2: Two labeled pioneer neurons in the
developing olfactory placode. 3: As the axons enter the olfactory bulb they show numerous
fine filopodial branches (arrows), unlike the following sensory neurons. ((A, B) from
Whitlock and Westerfield®8; (C) from Whitlock and Westerfield?4).
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targeting was also examined. It was shown that the expression of
olfactory receptors was not spatially correlated with the pioneer neurons

in the developing olfactory epithelium.®8

5. Olfactory Receptors: The Interface with the
Outside World

5.1. Main Olfactory Epithelium

The olfactory sensory neurons detect a wide variety of odorants and
transmit this information to the central nervous system via their axonal
connections with the olfactory bulb. In order to detect the odors there
must be receptors that bind odorants and transduce a signal. Prior
experiments indicated that olfactory responses are transduced by G-
protein coupled receptors®® and this class of receptors has seven trans-
membrane domains. Based on these observations, degenerate primers
were used to clone and characterize a large family of odorant receptors
in the mouse.8” At this time there are approximately 1000 olfactory
receptors in mammals. These receptors fall into families all having the
seven transmembrane G-protein coupled receptor motif. Subsequently
olfactory receptors have been cloned from catfish,3%8% Medaka,??
goldfish,*12 Fugu.°® Drosophila®* and even an avian species that
purportedly does not use olfaction.”® The olfactory receptors fall into
two broad categories, class I “fish-like” and class II “mammal-like”
olfactory receptors. In animals whose life history is both terrestrial and
aquatic, such as Xenopus, it has been shown that the class I receptors
are expressed in the part of the nasal cavity exposed to water and class II
in the part exposed to air.?® This observation has led to the suggestion
that class I receptors bind water borne molecules and class II receptors
bind air borne molecules. But the class I receptors are found in
mammals, and in humans the class I receptors account for 10% of the
olfactory receptor genes and they are under positive selection (they
have proportionally fewer pseudogenes).”” Thus, the current theory is
that class I receptors can bind odorants in either air or water and these
types of odorants are important across vertebrate animals.
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Using #n situ hybridization and transgenic techniques in the mouse,
cells expressing particular receptors were shown to be scattered in the
olfactory epithelium, which is in agreement with previous studies
primarily from fishes.®> Nevertheless, the expression pattern is not
entirely random in mammals, for olfactory receptors are expressed in
four broad spatial zones. In fishes there appear to be no such zonal
organization, although the olfactory receptors are expressed in concentric
domains within the olfactory epithelium of the adult zebrafish.?® In
general, a given OSN will express only a single olfactory receptor, but
this is not true for all systems. Given the paucity of extensive in situ
hybridization experiments, one cannot rule out the possibility that several
receptors are expressed in a single OSN. We do know that in rat and
goldfish there are reports of olfactory receptor types that are expressed
throughout the olfactory epithelium (see Laberge and Hara® for a
review). In spite of this apparent lack of detailed spatial organization
in the olfactory epithelium, the OSN axons target specific glomeruli
in the olfactory bulb (see Mombaerts® for a review).

5.2. Onset of Olfactory Receptor Expression during
Development

Fishes have approximately 100 olfactory receptor genes while mammals
have 1000 — a difference of an order of magnitude.”” While the overall
number of receptors is less, the diversity of the family remains high. The
time of onset of olfactory receptor expression has been studied in the
developing zebrafish using iz situ hybridization techniques. Initially the
idea was that the olfactory epithelium would be much like the peripheral
nervous system of Drosophila where there would be a highly ordered
spatial array of differentiating sensory neurons and that this highly ordered
array would result from the clear patterning of the proneural and
neurogenic genes. The cloning of the zebrafish proneural and neurogenic
genes in zebrafish3%#3 and the subsequent examination of their expression
pattern within the olfactory epithelium has not revealed a highly ordered
spatial array. Unlike what is seen in the ear of the zebrafish,”® the
neurogenic genes in the olfactory placode do not appear to show the
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prefiguring of sensory neuron differentiation. Additionally, the examination
of the onset of olfactory receptor expression also appears to show no
regulated pattern, and receptor expression is asynchronous across the
olfactory epithelium.8* Examination of the expression of olfactory
receptors during sensory neuron regeneration in the catfish has shown
that the olfactory receptors are expressed in the differentiated OSNs and
not the basal, mitotic precursor cells. In addition, the olfactory receptors
were expressed before the OSNs made axonal contact with the olfactory
bulb, supporting the idea that receptor expression is independent of direct
influences from the olfactory bulb.!%® Therefore, the mechanisms
governing the differentiation of a given OSN and the expression of a
given receptor are unclear except that they appear to be independent
of the olfactory bulb.

5.3. Do Fish Have a Vomeronasal System?

Terrestrial vertebrates have a “second” olfactory system, the vomeronasal
organ, that appears to be specialized for pheromones, although the main
olfactory epithelium also senses pheromones.!®! The vomeronasal
epithelium in mouse is distinct from the main olfactory epithelium, and
the axons of the vomeronasal sensory neurons project to a specialized
region of the olfactory bulb called the accessory olfactory bulb (AOB).
Within the AOB, the axonal terminations do not show the clear
glomerular segregation seen in the axon projections from the MOB.
Additionally, the regenerative properties of the vomeronasal epithelium
appear to be different from that of the sensory neurons in the main
olfactory epithelium in that after nerve transection the reinnervation into
the AOB is much slower and less complete in rodents.!?? The vomeronasal
receptors have been cloned in mammals and are highly divergent from
those found in the main olfactory epithelium. Further analysis of
vomeronasal receptors has shown that they fall into two families based
on their sequence, VIR and V2R.103-105

In fishes there is no obvious division of the epithelium into the
equivalent of a main and vomeronasal epithelium. But, as stated earlier,
the OSNs within the olfactory epithelium generally fall into two classes: the
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ciliated and the microvillar sensilla. In goldfish it has been shown that
the goldfish homologues of the putative V2R vomeronasal receptors
are expressed in the region of the microvillar OSNs.”1?2 The microvillar
OSNs appear to respond to pheromones while the ciliated OSNs are
known to respond to amino acids (see Laberge and Hara® for a review).
This is based on the observation that after transection of the olfactory
nerve in goldfish the recovering epithelium responds first to food odors,
a response mediated by the ciliated OSNs, and eventually the response
to pheromones recovers as the microvillar OSNs regenerate.!06:107 A
further examination of the olfactory pathway exiting the olfactory bulb
revealed a division into a medial (MOT) and lateral (LOT) olfactory
tract. In fishes with a pedunculated bulb such as the goldfish, it is
possible to selectively cut the MOT or the LOT. When the MOT is
cut the animal loses its response to pheromones, and when the LOT
is cut the fish loses its feeding behavioral response.!%® Thus, the
microvillar OSNs within the olfactory epithelium of fishes appear to
express receptors homologous to the mammalian vomeronasal receptors
and have similar functions to the vomeronasal epithelium of mammals.

The vomeronasal receptors have been proposed to be pheromone
receptors based on the tissue from which they were cloned and their
localization to the vomeronasal epithelium by iz situ hybridization. It
has now been shown in mouse that the expression of the V2R class
of vomeronasal receptors co-localizes with expression of the class 1b
molecules of the major histocompatibility complex (MHC) molecules
in the vomeronasal organ neurons.!%%119 It has been proposed that the
expression of these MHC molecules may play a role in pheromone
detection in the vomeronasal organ. In zebrafish, genes involved in
MHC function have also been implicated in playing a role in olfaction
and the recombination activating genes (RAGI, RAG2) of the immune
system are expressed in the olfactory sensory neurons early in
development.!!! This observation is curious in that the olfactory receptor
genes do not contain sequence that would be indicative of the
recombination events witnessed in the immune system. Yet, with the
recent discovery of MHC molecules being expressed in the vomeronasal
organ of mammals, there may also be a similar connection in the
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olfactory epithelium of the zebrafish. Furthermore, zebrafish also have
a pheromonal system where they show behavioral response to an
“aggregation pheromone” thought to be involved in schooling and
spawning,!!? attraction to the female zebrafish by the male zebrafish
by steroid glucuronides released by the ovaries,!!® and a physiological
response at the level of the olfactory bulb to prostaglandin F,-alpha
and 17-alpha, 208-dihydroxy-4-pregnene-3-one-20-sulfate.!1* For these
reasons zebrafish are well suited for studying the development of the
social behaviors and the underlying cell and molecular mechanisms
controlling them.

5.4. Development

There is, to date, little specific information on the development of the
microvillar versus the ciliated receptors. In examining the olfactory
placode fate map in the zebrafish®* one could argue that the OSNs
in the clones appear to be microvillar or ciliated based on their position
in the developing epithelium. This argument is problematic in that the
olfactory epithelium is not as clearly striated in the juvenile as observed
in the adult, and depending upon the differentiated state of the OSNs,
they may still be in the process of forming dendrites and extending
axons. In general, it appears that ciliated and microvillar OSNs are
both present in the developing olfactory epithelium based on the
appearance of the dendritic length.?#:58.83

In mammals it has been reported that when the olfactory nerve is
transected, the OSNs from the main olfactory epithelium regenerate
first and form a more complete connection in the olfactory bulb than
do the OSNs of the vomeronasal organ.!?? Like the difference between
the main and vomeronasal epithelium in rodents, the ciliated sensory
receptors (associated with feeding behaviors) are replaced more quickly
after nerve transection!®® when compared to the microvillar OSNs
(associated with pheromonal response) in the goldfish. Given that these
two classes of sensory neurons have different regeneration dynamics,
it might be expected that they would not show equivalent differentiation
dynamics during development. The need to have OSNs that respond
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to pheromones, such as those involved in reproduction, may be such
that they develop later in comparison to the OSNs involved in the
detection of food odors. In fact, juvenile zebrafish respond to amino
acids earlier than they respond to pheromones such as alarm
pheromones.>°

6. Other Derivatives of the Olfactory Placode:
Neuroendocrine Cells

6.1. The Terminal Nerve

The olfactory placode develops in association with the terminal nerve,
a cranial nerve found together with the main olfactory nerve (see Fig. 3).
Based on its close proximity to the developing olfactory placode it has
been assumed that the terminal nerve arises in part or in whole from
the olfactory placode. The terminal nerve is reported to have a
neuromodulatory function in the nervous system and, in zebrafish as
in other fishes, contains gonadotropin-releasing hormone (GnRH).#5:115
In addition, the terminal nerve contains a variety of neuroactive peptides.
In zebrafish, for example, Neuropeptide Y (NPY) and FMRFamide are
localized to the terminal nerve.!1®117 Because NPY and FMRFamide
are localized to the cells in the “olfactory placode”, their origin is
often attributed to the olfactory placode. But upon closer inspection
the cells appear alongside the olfactory placode. Thus, the terminal
nerve contains many neuroactive peptides and has extensive axonal
projections throughout the forebrain including the retina. But, with
the exception of GnRH cells (see below), the developmental origin of
the cell types found in the terminal nerve remains unclear.

6.2. Cells Appear to Exit the Olfactory Placode

The observation that cells appear to exit the olfactory placode during
embryonic development in vertebrate animals was first reported by
Brookover in the analysis of the development of the olfactory sensory
system in fishes (Fig. 7B).1819 In these early studies using prepared
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sections of the developing olfactory organ, cells were seen associated with
the developing olfactory nerve leaving the region of the olfactory placode.
Late in 1980 there were several reports suggesting that the olfactory
placode generates not only OSNs and support cells, but also
neuroendocrine cells containing the decapeptide gonadotropin-releasing
hormone (GnRH).!12%121 GnRH has several forms based on amino acid
sequence, and is known to exert an endocrine effect on the pituitary as
well as a neuromodulatory effect within the CNS. In developing zebrafish
GnRH is clearly localized to the terminal nerve, hypothalamus and the
midbrain*® (unpublished observations). The model was that the terminal
nerve and GnRH cells of the hypothalamic regions had their origin in
the olfactory placode, while the midbrain cells arose locally. Recent work
in both Medaka and the zebrafish called this model into question.

6.3. The Neural Crest

In Medaka, a species-specific form of GnRH was cloned.!?? Its
developmental expression pattern led to the proposal that the terminal
nerve and hypothalamic GnRH cells did not share a common origin
in the olfactory placode. Rather, it was more likely that the terminal
nerve cells were placodally derived while the hypothalamic cells arose
from the ventral forebrain.!?%123 In a subsequent paper it was shown
through lineage tracing and analysis using mutants, that neither the
terminal nerve nor hypothalamic GnRH cells have their origin in the
olfactory placode.*® The terminal nerve GnRH cells arise from the
anterior cranial neural crest, a source consistent with its being a cranial
nerve (Fig. 10, purple).#> This also leads to the possibility that other
cell types ascribed to the terminal nerve such as FMRFamide and NPY
containing cells also arise from the cranial neural crest, a source of
neuroendocrine cells in the trunk of vertebrates. This is especially
plausible in the case of NPY since the neural crest derived autonomic
nervous system contains NPY.?! Therefore, cell types originally proposed
to have their origins in the olfactory placode may in fact be neural
crest derived. Because of the accessibility of the early embryo, the
zebrafish presents the perfect model system to unravel the developmental
relationships between the olfactory field and neural crest.
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(A) (B) (©)

Fig. 10 Development of the GnRH cells associated with the differentiating olfactory
placode. (A) GnRH cells of the terminal nerve arise in cranial neural crest (purple) while
GnRH cells of the hypothalamus arise from the anterior pituitary field (orange). (B) As
the placode forms GnRH cells are associated with it through cell movements of the
forming neural crest and anterior pituitary field. (C) GnRH cells of the terminal nerve
remain associated with the olfactory nerve and GnRH cells of the hypothalamus continue
on their migration to the target in the CNS (from Whitlock ez a/4%).

6.4. The Adenohypophysis

The original reports of GnRH cells migrating from the olfactory placode
done in the developing mouse embryo concentrated on the GnRH cells
of the hypothalamus.!?%-12! These analyses were done after the formation
of the olfactory placode. An advantage of the zebrafish is that the embryos
are accessible from the time of fertilization. It is therefore possible to
label cells early in development, before the formation of the olfactory
placode, and to look for embryonic origins before extensive cell migration
has taken place. In the analysis of the origin of GnRH cells,*® the origin
of the hypothalamic cells was correlated with development of the
adenohypophysis (anterior pituitary). The regions that give rise to the
olfactory placodes in zebrafish lie at the edge of the anterior neural
plate, and flank the region of the future adenohypophysis?#32 which
arises from a field of cells located on the midline at the anterior end
of the neural plate (Fig. 6).1247126 This adenohypophyseal region is also
flanked by the hypothalamic precursors (see Fig. 6), and is a source of



246  Whitlock KE

endocrine tissue. In the work of Whitlock ez al. (2003), it was
demonstrated that the loss of the pituitary using the you-too and detour
mutants!?® results in the loss of the GnRH cells of the hypothalamus
but not the cells of the terminal nerve. Additionally, the olfactory organs
develop normally in these mutants. Thus the loss of GnRH cannot be
due to olfactory placode loss. At first glance this may be a surprising
finding. However, upon closer examination it was a curious observation
that the olfactory placode should generate endocrine cells of the
hypothalamus since no other sensory system generates endocrine tissue.
Furthermore, the olfactory placodes are intimately associated with the
developing adenohypophysis and hypothalamus, making the mistaken
assignment of GnRH cell origin to the olfactory placodes easily
understandable. A recent study examining the development of the
precursors of the melanotrophs and corticotrophs used the pro-
opiomelanocortin gene promoter linked to green fluorescent protein
(GFP) to visualize their development.'?” In this study there is a cluster
of GFP positive cells at 22 hpf closely associated with the olfactory
placode, demonstrating that the olfactory placode is clearly flanked by
endocrine tissue after placode formation. Thus, the GnRH cells of the
hypothalamus arise from the adenohypophyseal region of the neural plate
(Fig. 10, orange), while those of the terminal nerve arise from cranial
neural crest (Fig. 10, purple).

7. Olfactory Physiology and Behavior: The Key to
Survival and Reproduction

7.1. Fishy Smells

It has long been known that fishes respond behaviorally and
physiologically to amino acids, bile acids, gonadal steroids and
prostaglandins.®?128 Fish use these olfactory cues for finding food
sources, recognizing conspecifics, and coordinating mating behaviors.
The concentration of odorants required to elicit a response in fish is
exceedingly small, in the range of 1X10812) or lower for certain
substances.!? Zebrafish also have a sensitive olfactory sensory system
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and respond to the same types of odorants as described for other fish.
These responses have been measured in the adult olfactory system using
clectro-olfactograms!3? and optical imaging.!'* Being Cyprinids,
zebrafish are close to the goldfish in terms of phylogeny (Fig. 1B),!3!
and thus might be expected to show similar olfactory driven behaviors.
It is well known that goldfish use hormones as pheromones to
coordinate reproductive physiology and behavior.!?8 In zebrafish, it is
known that certain pheromonal hormones elicit physiological responses
as measured by voltage-sensitive dyes.!'* Zebrafish also show a behavioral
response to an as of yet chemically undefined “aggregation pheromone”
that has a behavioral effect that is dependent on the density of the
shoal of fish.!!? Zebrafish also remember odors experienced as juveniles,
although certain odors elicit a response regardless of exposure as
juveniles.!3? Male zebrafish show a marked attractive response to ovarian
extracts that can be eliminated by cauterizing the olfactory epithelium.!!3
Thus, zebrafish have both a behavioral and a physiological response to
pheromonal substances which in the future can be coupled to the
developmental expression of putative pheromone receptors.”!92

Unlike goldfish, zebrafish are a schooling fish, and thus have
specialized behaviors that befit a group, such as response to alarm
pheromone. Alarm pheromone, or Schreckstoff, was first isolated by
Karl von Frisch?® from the European minnow Phoxinus laevis, a schooling
fish. This substance is produced by glands in the skin and is released
when the skin is damaged, eliciting a rapid swimming and clustering
on the bottom of the tank.®*133 It has been shown that this response
is present in the giant danio.!34+13¢ While attempts have been made
to chemically reconstitute the alarm pheromone, the behavioral and
physiological response does not perfectly mimic the naturally derived
substance. The zebrafish Danio rerio shows a behavioral response to
alarm pheromone, which is not surprising given that they are a close
relative of the giant danio.>®

Amino acids and bile acids are important odorants to all fishes studied
thus far, and zebrafish are no exception.* Amino acids elicit well-defined
physiological responses based on electro-olfactogram recording, optical
imaging, and receptor binding assays in a variety of fishes including
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catfish, goldfish, salmon, and zebrafish to name a few. Zebrafish clearly
respond physiologically to amino acids and bile acids,'3® and have a
clear behavioral response to certain amino acids such as alanine.!37:138
Recently the developmental onset of behavioral responses to a specific
amino acid, L-cysteine, has been characterized.??> 13 Knowing the
ontogeny of well characterized behavior is useful for the development
of genetic screens,'#%141 where defects in olfactory behaviors can lead
to the discovery of mutants with defects specific to the olfactory system.
One such pilot screen has been carried out in zebrafish and a mutant
defective in the formation of OSN axonal contacts with the developing
olfactory bulb has been isolated.?®13% Thus it appears that a behavioral
genetic approach will be useful in uncovering mutants specific to the
olfactory sensory system.

8. Evolution of the Olfactory Sensory System
8.1. Is there a Unifying Placode Theme?

In considering the evolutionary origins of the olfactory organ, the
tendency is to group all placodal derivatives and look for common
mechanisms driving their appearance over evolutionary time. But as
cellular and molecular mechanisms governing the formation of the
various placodes contributing to the vertebrate head are
uncovered,3%142:143 it is becoming increasingly apparent that the various
placodes appear to march to the beat of different drummers. For
example the lens placode clearly arises from non-neural ectoderm and
the adenohypophyseal placode arises on the midline and can be
eliminated by interfering within midline signaling.!?® Yet, the olfactory
placodes arise from within the neural plate in zebrafish and appear to
develop in concert with the olfactory bulbs rather than being induced
by them. Additionally, the anterior neural plate placodes all give rise
to rather distinct cellular derivatives such as the crystalline containing
cells of the lens, the endocrine cells of the adenohypophysis and the
regenerating sensory neurons of the olfactory organ. Therefore, perhaps
it is more useful to consider the function of the olfactory system and
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the various cell types that make up this spectacular sensory system, and
to look for functional equivalents of each sensory system outside of a
unifying placodal doctrine.

8.2. Olfactory and Adenohypophysis

One idea in the literature that has shaped our thinking on the evolution
of the olfactory placode is the idea that the olfactory placode gives
rise to neuroendocrine cells. However, an extensive fate map of the
olfactory organ in the zebrafish demarcated an olfactory field whose
posterior and anterior borders aligned with the cranial neural crest and
the adenohypophyseal region respectively (Fig. 6). Yet, GnRH precursors
in this olfactory field were never uncovered.?* This suggests that the
olfactory placode does not give rise to the GnRH neuroendocrine cells
in the zebrafish.*> The idea that the OSNs and GnRH cells arose from
the same placode led to the idea that there is an ancestral link between
chemoreception and GnRH. Cephalochordates such as amphioxus
(Branchiostoma), a proposed representative of an ancestral state of the
chordates, and Urochordates have been examined for just such an
association. But, having a chemosensory system that is also endocrine
in nature is perhaps the wrong trip to be on. This author once barked
up that tree too, looking for the ancestral relationship between
neuroendocrine and chemosensory systems. In fact, vital dye labeling
showed a label in the buccal cirri of the oral hood suggesting possible
chemoreceptors (Fig. 11A, B, arrows), and GnRH-like immunoreactivity
was localized to clusters of cells in the anterior neural tube of amphioxus
(Fig. 11C). Nevertheless, the fact that the olfactory sensory system
does not give rise to the GnRH cells does not make the problem any
less interesting. Rather the independent origins of the GnRH cells in
the zebrafish reinforce our thinking about neural crest derivatives and
expose our thinking to the relationship between the endocrine producing
cells in the anterior neural plate and the olfactory placode fields. In
amphioxus, Hatschek’s pit has been suggested as being the homologue
to the adenohypophysis of modern day vertebrates. This organ lies
ventral to the notochord and appears to contain endocrine substances;!4*
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Fig. 11 Amphioxus neuroendocrine and sensory cells. (A) Head of living amphioxus
with buccal cirri indicated (arrow). (B) Same head showing vital dye label at base of
buccal cirri (arrow). (C) GnRH-like immunoreactivity in five segmentally repeated cell

clusters. Arrows 1-3 are shown at higher magnification enlargements in panels 1, 2,
and 3 below).

thus one might look for a common region giving rise to Hatschek’s
pit and the type II chemosensory cells (see below).

Many of the genes expressed in the anterior end of the forming
neural tube are expressed in both the olfactory placode field and the
adenohypophysis of modern vertebrates, and homologues of these genes
are found in amphioxus. For example, Pax6 is expressed in the
developing eyes, nose, and pituitary of modern day vertebrates. This
gene has been cloned in amphioxus and is expressed in the neurula
stage animal in the rostral ectoderm.!*> Amphioxus is known to have
sensory cells in the rostral end of the animal. The type II class of
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sensory cells, which have both a cilium and microvilli, are suggested
to be chemosensory cells, which is interesting because these cells also
show a cycle of degeneration and regeneration.!*® The assignment of
the type II cells as chemosensory is intriguing for zebrafish have crypt
cells, also containing central cilia surrounded by a ring of microvilli;!!
perhaps these are the remnants of the ancestral chemoreceptors. In
amphioxus the type II sensory neurons do not develop until after
metamorphosis and may use the pioneer neuron tracts, which develop
prior to metamorphosis, to develop connections with the central
nerves.!#7>148 Tn analyzing the nerve tracts in the rostral end of the
nervous system, the dorsal and ventral tracts have been proposed as
possible olfactory and terminal nerve equivalents, although no clear
telencephalic structure analogous to the olfactory bulb has been
identified.!*® Therefore, in amphioxus there are cells that appear to
function as peripheral chemosensory receptors (type II cells), and these
cells, like the modern day olfactory sensory neurons, undergo
regeneration. Additional similarities lie in the fact that amphioxus has

147 as has been reported for the olfactory

a class of pioneer neurons,
system of the zebrafish,>® and it may have structural homologues of

the olfactory and terminal nerves.

8.3. Olfactory Placode Field and Neural Crest

The olfactory organ is comprised of a mixture of placode (sensory
epithelium) and neural crest (structure of frontal mass) derived cells.
While amphioxus has no apparent neural crest or sensory placodes, it
is intriguing that the amphioxus Hox cluster does have elements that can
drive reporter gene expression in the sensory placodes and neural crest
derivatives of transgenic chick and mouse.!* When examining the
expression pattern of genes such as d/x3 in the zebrafish, the 4ix3 gene
is expressed in a continuous region at the edge of the neural plate flanking
the premigratory neural crest.”* Perhaps the 4/x3 is an ancestral “pre-
crest” gene, for it has been shown that in amphioxus dix is expressed
at the border of the neural plate. These dlx expressing cells in amphioxus
show motile behaviors extending across the midline as the neural tube
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forms.'®® This cellular behavior has been interpreted as being neural-
crest-like because the cells extend processes across the edge of the forming
neural tube.'*? Therefore there is an ancestral relationship between the
first hints of cells migration and the expression of the dlx gene. Perhaps
the cell movements that have been proposed to give rise to the placodal

24,26 are also remnants of the movement

structures in vertebrate animals
that we so associate with the neural crest. In this respect the olfactory
placode is like the neural crest in that the cells of the olfactory placode
field delaminate from their shared border with the developing

telencephalon as they migrate to form the olfactory placode.

A World of Questions Remain

What are the signals that induce the onset of expression of the genes involved
wn olfuctory placode formation? Clearly, genes involved in patterning the
midline affect development of the nose in that cyclopic fish also have
a tused nose. Additionally, anterior patterning defects such as those
seen in the masterblind mutant'®! result in the loss of the nose although
this phenotype varies with genetic background.!®> A genetic screen
focusing on the developing olfactory system may help lead us to genes
involved in the induction of the olfactory sensory system.

How do the axons target the bulb? The rules governing the
development of the specific axonal connections in the CNS are complex.
The olfactory sensory system is a perfect model system to investigate
these rules for the neurons are readily identifiable and accessible to
experimental manipulation and physiological recording.

What are the mechanisms governing the initial expression and
maintenance of the olfactory receptors? As described here, the factors
controlling the decision to express a single or a few olfactory receptors
are poorly understood. The fact that the olfactory sensory neurons
regenerate throughout life presents the more challenging problem of
the mechanism used to maintain faithful, invariant receptor expression
in a regenerating system.

What is the role of the olfactory semsory mewrons in determining
behaviors? The nose is the interface with the odorous world — how
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does this world interact with the nose? There are clear and dramatic
examples of olfactory imprinting in fishes!®3 and zebrafish present a
tractable model system to better understand the cellular and molecular
processes controlling olfactory memory formation.!32

What evolutionary forces gave rise to the nose and its close association
with the adenohypophysis? Recent developmental analysis has uncovered
the adenohypophyseal origin of the GnRH cells*> which develops in
close association with the olfactory placode!?%
genes in the anterior neural plate (see Fig. 5). Perhaps there is an

and EXpress common

ancestral tissue from which the nose and adenohypophysis diverged.

Acknowledgments

The author would like to thank J. Ewer, A. Gopinath, D. Lin, and
M. Rivard for their helpful critiques of the manuscript. The author’s
work is supported by a Basil O’Connor March of Dimes Grant, NYS
Hatch Grant, NIH R0O1 DC0421801Al1.

References

Grunwald DJ and Eisen JS (2002). Nature Reviews Genetics 3: 717-724.

Trinkaus JP (1985). Journal of Newroscience Research 13: 1-19.

von Frisch K (1938). Naturwissenschaften 26: 601-606.

Hara TJ (1971). In: Hoar WS and Randall DJ (eds.), Fish Physiology,

Vol. V. Academic Press, New York, pp. 79-114.

5. Pough FH, Janis CM and Heiser JB (1999). In: Vertebrate Life, Prentice
Hall, Upper Saddle River, New Jersey.

6. Tolbert LP (1998). Annals of the New York Academy of Science 855:
95-103.

7. Hildebrand JG and Shepherd GM (1997). Annual Review of Neuroscience
20: 595-631.

8. Mombaerts P (2001). Nature Newuroscience 4 Supplement: 1192-1198.

9. Laberge F and Hara TJ (2001). Brain Reserach Reviews 36: 46-59.

10. Murray RC and Calof AL (1999). Seminars in Cell and Developmental

Biology 10: 421-431.

L e



254

11.

12.

13.

14.
15.

l6.
17.

18.

19.

20.
21.

22.

23.

24.

25.

26.
27.
28.

29.

30.
31.

Whitlock KE

Hansen A and Finger TE (2000). Brain Behavior and Evolution 55:
100-110.

Hansen A and Zeiske E (1993). Journal of Comparative Neurology 333:
289-300.

Byrd CA and Brunjes PC (1995). Journal of Comparative Neurology 358:
247-259.

Hansen A and Zeiske E (1998). Chemical Senses 23: 39—48.

Ramon y Cajal S (1995). In: Histology of the Nervous system, Vol II. Oxtord
University Press, New York, pp. 532-554.

Baier H and Korsching S (1994). Journal of Neuroscience 14: 219-230.
Baier H, Rotter S and Korsching S (1994). Proceedings of the National
Academy of Sciences USA 91: 11646-11650.

Stell WK, Walker SE and Ball AK (1987). Annals of the New York Academy
of Science 519: 80-96.

Wirsig-Wiechmann CR and Oka Y (2002). Neuroscience Research 44:
337-341.

Wirsig-Wiechmann CR (2001). Keio Jouwrnal of Medicine 50: 81-85.
Umino O and Dowling JE (1991). Journal of Newroscience 11:
3034-3046.

Verwoerd CDA and Oostrom CGV (1979). Advances in Anatomy
Embryology and Cell Biology 58: 1-75.

Couly GF and Le Douarin NM (1985). Developmental Biology 110:
422-439.

Whitlock KE and Westerfield M (2000). Development 127: 3645-3653.
Farbman AI (1992). In: Barlow PW, Bray D, Green PB and Slack JMW
(eds.), Developmental and Cell Biology Series, Cell Biology of Olfaction.
Cambridge University Press, Cambridge.

Streit A (2002). Developmental Biology 249: 237-254.

Woo K and Fraser SE (1995). Development 121: 2595-2609.
Kozlowski DJ, Murakami T, Ho RK and Weinberg ES (1997). Biochemical
Cell Biology 75: 551-562.

Akimenko MA, Ekker M, Wegner J, Lin W and Westerfield M (1994).
The Journal of Newroscience 14: 3475-3486.

Ellies DL ez al. (1997). Genomics 45: 580-590.

Sahly I, Andermann P and Petit C (1999). Development, Genes and
Evolution 209: 399-410.



32.
33.
34.
35.
36.
37.
38.
39.
40.
4].

42.

43.
44.

45.
46.

47.

48.

49.

50.

51.

52.
53.

Olfuctory sensory system development 255

Baker CV and Bronner-Fraser M (2001). Developmental Biology 232:
1-61.

Kobayashi M, Osanai H, Kawakami K and Yamamoto M (2000).
Mechanisms of Development 98: 151-155.

Torres M and Giraldez F (1998). Mechanisms of Development 71: 5-21.
Graham A and Begbie J (2000). Trends in Neuroscience 23: 313-316.
Campuzano S and Modolell ] (1992). Trends in Genetics 8: 202-208.
Campos—Ortega JA (1995). Molecular Neurobiology 10: 75-89.
Allende ML and Weinberg ES (1994). Developmental Biology 166:
509-530.

Mueller T and Wullimann MF (2003). Brain Research Developmental Brain
Research 140: 137-155.

Blader P, Fischer N, Gradwohl G, Guillemont F and Strihle U (1997).
Development 124: 4557—4569.

Korzh V, Sleptsova I, Liao J, He ] and Gong Z (1998). Developmental
Dynamics 213: 92-104.

Liao J, He J, Yan T, Korzh V and Gong Z (1999). DNA Cell Biology
18: 333-344.

Haddon C ez al. (1998). Development 125: 359-370.

Kortschak RD, Tamme R and Lardelli M (2001). Development, Genes
and Evolution 211: 350-354.

Whitlock KE, Wolt CD and Boyce ML (2003). Developmental Biology.
Varga ZM, Wegner ] and Westerfield M (1999). Development 126:
5533-5546.

Fritz A, Rozowski M, Walker C and Westertield M (1996). Genetics 144:
1735-1745.

Nasevicius A and Ekker SC (2000). Nature Genetics 26: 216-220.
Solomon KS and Fritz A (2002). Development 129: 3127-3136.
Reyes R, Vitebsky A and Whitlock KE (2002). 5th International Conference
on Zebrafish Genetics and Development, University of Wisconsin, Madison, WI.
Le Douarin NM and Kalcheim C (1999). The Neural Crest, Developmental
and Cell Biology Series Cambridge University Press, Cambridge, ed.
Second.

Schilling TF and Kimmel CB (1994). Development 120: 483-494.
Langille RM and Hall BK (1988). journal of Anatomy and Embryology
177: 297-305.



256

54.
55.
56.

57.
58.

59.
60.
6l.

62.
63.
64.
65.

66.
67.
68.
69.
70.
71.
72.
73.

74.
75.
76.
77.
78.
79.
80.

81.

Whitlock KE

Neuhauss SC ¢t al. (1996). Development 123: 357-367.

Kelsh RN and Eisen JS (2000). Development 127: 515-525.

Morita T, Nitta H, Kiyama Y, Mori H and Mishina M (1995). Newuroscience
Letters 198: 131-134.

Papalopulu N and Kintner C (1993). Development 117: 961-975.
Whitlock KE and Westerfield M (1998). Journal of Newroscience 18:
8919-8927.

Gong Q and Shipley MT (1995). Neuron 14: 91-101.

Poling KR and Brunjes PC (2000). Brain Research 856: 135-141.
Dryer L and Graziadei PP (1994). Perspectives on Developmental
Neurobiology 2: 163-174.

McClure M (1999). Journal of Morphology 241: 83-105.

Byrd CA and Brunjes PC (2001). Newuroscience Abstracts 104: 793-801.
Byrd CA (2000). Brain Research 866: 92-100.

Riddle DR and Oakley B (1992). The Journal of Comparative Neurology
324: 575-589.

Mombaerts P et al. (1996). Cell 87: 675-686.

Lin DM and Ngai ] (1999). Current Opinion in Neurobiology 9: 74-78.
Mori K, Nagao H and Yoshihara Y (1999). Science 286: 711-715.
Wang F, Nemes A, Mendelsohn M and Axel R (1998). Cell 93: 47-60.
Yu TW and Bargmann CI (2001). Nature Neuroscience 4: 1169-1176.
Yoshihara Y ez al. (1997). Journal of Neuroscience 17: 5830-5842.
Harrelson AL and Goodman CS (1988). Science 242: 700-708.

Au WW, Treloar HB and Greer CA (2002). Journal of Comparative
Neurology 446: 68-80.

Treloar HB, Tomasiewicz H, Magnuson T and Key B (1997). Journal
of Neurobiology 32: 643-658.

Alenius M and Bohm S (2003). Development 130: 917-927.

Mizuno T et al. (2001). Molecular and Cellular Neuroscience 18: 119-130.
Marx M, Rutishauser U and Bastmeyer M (2001). Development 128:
4949-4958.

Ressler KJ, Sullivan SL and Buck LB (1994). Cell 79: 1245-1255.
Singer MS, Shepherd GM and Greer CA (1995). Nature 377: 19-20.
Yoshida T, Ito A, Matsuda N and Mishina M (2002). Journal of
Neuroscience 22: 4964-4972.

Klose M and Bentley D (1989). Science 245: 982-984.



82.

83.
84.
85.
86.

87.
88.
89.

90.

91.
92.

93.

94.
95.

96.

97.
98.

99.

100.
101.
102.
103.
104.
105.
106.

Olfuctory sensory system development 257

McConnell SK; Ghosh A and Shatz CJ (1994). Journal of Neuroscience
14: 1892-1907.

Dynes JL and Ngai J (1998). Neuron 20: 1081-1091.

Barth AL, Justice NJ and Ngai ] (1996). Neuron 16: 23-34.

Barth AL, Dugas JC and Ngai J (1997). Newron 19: 359-369.
Sklar PB, Anholt RR and Snyder SH (1986). Journal of Biological
Chemistry 261: 15538-15543.

Buck L and Axel R (1991). Cell 65: 175-187.

Ngai J et al. (1993b). Cell 72: 667-680.

Ngai J, Dowling MM, Buck L, Axel R and Chess A (1993a). Cell 72:
657-666.

Kondo R, Kaneko S, Sun H, Sakaizumi M and Chigusa SI (2002). Gene
282: 113-120.

Speca DJ et al. (1999). Neuron 23: 487-498.

Cao Y, Oh BC and Stryer L (1998). Proceedings of the National Academy
of Sciences USA 95: 11987-11992.

Asano—-Miyoshi M ez al. (2000). Jouwrnal of Biochemistry (Tokyo) 127:
915-924.

Clyne PJ et al. (1999). Neuron 22: 327-338.

Leibovici M, Lapointe F, Aletta P and Ayer-Le Lievre C (1996).
Developmental Biology 175: 118-131.

Freitag J, Krieger J, Strotmann J and Breer H (1995). Newron 15:
1383-1392.

Kratz E, Dugas JC and Ngai J (2002). Trends in Genetics 18: 29-34.
Weth F, Nadler W and Korsching S (1996). Proceedings National Academy
of Sciences USA 93: 13321-13326.

Haddon C, Jiang YJ, Smithers L and Lewis J (1998). Development 125:
4637-4644.

Fan ] and Ngai J (2001). Developmental Biolggy 229: 119-127.
Eisthen HL (1997). Brain Bebavior and Evolution 50: 222-233.
Matsuoka M et al. (2002). Brain Research 946: 52-63.

Dulac C and Axel R (1995). Cell 83: 195-206.

Matsunami H and Buck LB (1997). Cell 90: 775-784.

Dulac C (2000). Current Opinion in Neurobiology 10: 511-518.
Hansen A, Zippel HP, Sorensen PW and Caprio ] (1999). Microscope
and Research Techniques 45: 325-338.



258

107.
108.
109.
110.

111.
112.

113.

114.

115.

116.

117.

118.
119.

120.

121.
122.

123.

124.

125.

126.

127.
128.

Whitlock KE

Zippel HP, Sorensen PW and Hansen A (1997). Journal of Comparative
Physiology 180: 39-52.

Stacey NE and Kyle AL (1983). Physiology and Behavior 30: 621-628.
Loconto | et al. (2003). Cell 112: 607-618.

Ishii T, Hirota J and Mombaerts P (2003). Current Biology 13:
394-400.

Jessen JR, Jessen TN, Vogel SS and Lin S (2001). Genesis 29: 156-162.
Bloom HD and Perlmutter A (1977). Journal of Experimental Zoology
199: 215-226.

van den Hurk R and Lambert JGD (1983). Canadian Journal of Zoology
61: 2381-2387.

Friedrich RW and Korsching SI (1998). Journal of Newroscience 18:
9977-9988.

Ochlmann VD, Korte H, Sterner C and Korsching SI (2002). Mechanisms
of Development 117: 357-361.

Mathieu M, Tagliafierro G, Bruzzone F and Vallarino M (2002). Brain
Research Developmental Brain Research 139: 255-265.

Pinelli C ez al. (2000). Brain Research Developmental Brain Research
119: 195-208.

Brookover C (1914). Journal of Comparative Neurology 24: 113-130.
Brookover C and Jackson TS (1911). Journal of Comparative Neurology
21: 237-259.

Wray S, Grant P and Gainer H (1989). Proceedings National Academy
of Sciences USA 86: 8132-8136.

Schwanzel-Fukuda M and Pfatf DW (1989). Nature 338: 161-163.
Parhar IS, Soga T, Ishikawa Y, Nagahama Y and Sakuma Y (1998).
Journal of Comparative Neurology 401: 217-226.

Dubois EA, Zandbergen MA, Peute ] and Goos HJ (2002). Brain
Research Bulletin 57: 413-418.

Sbrogna JL, Barresi MJ and Karlstrom RO (2003). Developmental Biology
254: 19-35.

Karlstrom RO, Talbot WS and Schier AF (1999). Genes & Development
13: 388-393.

Herzog W et al. (2003). Developmental Biology 254: 36—49.

Liu NA et al. (2003). Molecular Endocrinology 17: 959-966.
Sorensen PW and Caprio ] (1997). In: Evans DH (ed.), The Physiology
of Fishes. CRC Press, Boca Raton, pp. 375—406.



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.
142.

143.

144.

145.

146.
147.

148.

Olfuctory sensory system development — 259

Kleerekoper H (1969). Olfaction in Fishes Indiana University Press,
Bloomington.

Michel WC and Lubomudrov LM (1995). Journal of Comparative
Physiology A 177: 191-199.

Metscher BD and Ahlberg PE (1999). Developmental Biology 210:
1-14.

Whitlock KE, Newton LA and Boyce ML (2002). 5th International
Conference on Zebrafish Genetics and Development, University of Wisconsin,
Madison, WI.

von Frisch K (1941b). Z. Vergl. Physiol. 29: 46-145.

Pteiffer W (1978). Journal of Chemical Ecology 4: 665-673.

Pfeiffer W and Lamour D (1976). Revue Suisse de Zoologic 83:
861-873.

Pteiffer W and Lemke ] (1973). Journal of Comparative Physiology 82:
407-410.

Steele CW, Ownes DW and Scarfe AD (1990). Journal of Fish Biology
36: 341-352.

Steele CW, Scarfe AD and Owens DW (1991). Journal of Fish Biology
38: 553-504.

Reyes R, Vitebsky A and Whitlock KE (2001). Society for Neuroscience
Abstracts 27: 365.

Bargmann CI and Kaplan JM (1998). Annual Review of Neuroscience
21: 279-308.

Carlson JR (1996). Trends in Genetics 12: 175-180.

Baker CV and Bronner-Fraser M (1997). Mechanisms of Development
69: 13-29.

Shimeld SM and Holland PW (2000). Proceedings of the National
Academy of Sciences USA 97: 4449-4452.

Nieuwenhuys R (1998). In: Nieuwenhuys R, ten Donkelaar HJ and
Nicholson C (eds.), The Central Nervous System of Vertebrates, Vol. I.
Springer—Verlag, Berlin, pp. 365-396.

Glardon S, Holland LZ, Gehring W] and Holland ND (1998).
Development 125: 2701-2710.

Lacalli TC (1999). Acta Zoologica 80: 125-134.

Yasui K, Tabata S, Ueki T, Uemura M and Zhang SC (1998). Journal
of Comparative Neurology 393: 415-425.

Lacalli TC (2002). Acta Zoologica 83: 149-166.



260

149.
150.

151.
152.
153.

Whitlock KE

Manzanares M ¢z al. (2000). Nature 408: 854-857.

Holland ND, Panganiban G, Henyey EL and Holland LZ (1996).
Development 122: 2911-2920.

Heisenberg CP et al. (1996). Development 123: 191-203.

Sanders LH and Whitlock KE (2003). Developmental Dynamics.
Hasler AD (1971). In: Hoar WS and Randall DJ (eds.), Fish Physiology,
Vol VI. Academic Press, New York, pp. 429-456.



Chapter 8

Somite Segmentation: A View from Fish
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Somite formation, a process in which reiterated epithelial structures are progressively
demarcated from the mesenchymal presomitic mesoderm (PSM) in a anterior-posterior
sequence, is the earliest manifestation of segmentation and is a feature shared by all
vertebrate embryos. The temporal and spatial regulation of this process requires a
molecular oscillator, the segmentation clock. The mechanisms driving and regulating
the oscillation in PSM cells have been actively studied in zebrafish, chick and mouse.
The oscillator is comprised of genetic circuit involving the Notch signaling pathway
and its target genes herl and her7 in zebrafish. Converting clock oscillation into the
periodic arrangement of segment boundaries is achieved at the ‘wavefront’ located in
the anterior PSM. The level of Fgt/MAPK activation (highest in the posterior PSM)
serves as a positional cue within the PSM to restrict the wavefront to the anterior
PSM. Once the level of Fgf/MAPK signaling declines in the anterior PSM, the wavefront
activity mediated by a transcription factor, Fss/Tbx24, arrests the oscillation and leads
to activation of a number of key genes required for subsequent sequences of somite
formation. In the anterior PSM or wavefront, a complicated gene network centered
on Mesp, a bHLH transcription factor, finally establishes a rostrocaudal subdivisions
within somite primordium, which is prerequisite for formation of morphological distinct
somite boundaries.

1. Introduction

Somites are transient segments of the paraxial mesoderm that are present
in developing cephalochordates and vertebrates. In many vertebrate
species, such as frog, chick, mouse and zebrafish, somites form as blocks
of cells, which bud oft in a highly coordinated fashion from the anterior
end of the unsegmented presomitic mesoderm (PSM). Although the
somites are transient structure during early embryogenesis, they create
the metamerism of all somite-derived tissues (axial skeleton, the dermis
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of the back, and all striated muscle of the adult body,! and the segmental
organization of somites imposes a segmental property on the spinal
cord? and spinal ganglia.® Because of its strict periodicity (30 min for
zebrafish, 90 min for chick and 120 min for mouse) and beautifully
coordinated morphogenesis, somite segmentation has attracted many
developmental and theoretical biologists.*> However, until recently, the
mechanisms that create the periodicity of somites were largely unknown.
One recent breakthrough is a finding of cyclic genes linked to periodic
somite formation.® Since then, genetic and experimental evidence has
accumulated to unravel how the periodicity is generated, how the
positions of segment border are determined and how rostrocaudal
polarity within the somite primordum is generated. Based on these
findings, we now know that the Notch/Delta signaling pathway plays
crucial roles in establishment of temporal periodicity in the PSM and
rostrocaudal polarity within segments. Intriguingly, segmentation in
Drosophila melanogaster, one of the well-studied embryonic
segmentation, does not appear to use the Notch/Delta pathway. Indeed,
unlike vertebrate segmentation, segments in the fly (a long germ insect)
form simultaneously in the syncytial blastoderm. Thus, the genetic
cascade leading to fly and vertebrate segmentation may not be
conserved, raising the question as to whether segmentation evolved
independently in invertebrates and vertebrates.

1.1. General View of Vertebrate Somite Segmentation

During vertebrate embryonic development, the paraxial mesoderm is
subdivided into metameric subunits called somites. The somites are
epithelial spheres of paraxial mesoderm and the first segmented structures
to form during embryogenesis. Individual pairs of somites, located
symmetrically on either side of the neural tube, are formed in a anterior-
posterior progression within the PSM. It is believed that the process
of somitogenesis can be divided into four distinct stages, which may
be regulated by different genetic mechanisms (Fig. 1E):”

(1) Specification as paraxial mesoderm: the mesoderm derived from the
primitive streak in mice and chick, the marginal zone in amphibians,
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Fig. 1. Overview of somitogenesis. A—-D Morphological aspects of zebrafish somitogenesis.
(A) Lateral view of a live embryo at 11-somite stages (~14qhpf). (B) Schematic drawing
of zebrafish somitogenesis. (C) A live embryo (~10-somite stage) stained with BODPY-
ceramide. A dorsal view at the level of the notochord. Anterior to the left. (D) Sagittal
histological section of the somites and PSM at 8-somite stage. In (C) and (D), epithelial
cells surrounding loosely packed central cells are visible in several of the somites. (E) A
schematic drawing showing sequential steps of vertebrate somitogenesis. In this chapter,
nomenclature of the segmented and presumptive somites follows that proposed by
Pouquie and Tam,% e.g. SI labels the most recently formed somite, SO represents forming
somite and S-I is the most anterior presumptive somite.
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and germ ring in fish or the tailbud, is arranged on both sides of
the neural tube as the paraxial mesoderm.

(2) Establishment of periodicity: through a molecular oscillator, the
segmentation clock, the PSM acquires a periodicity that will later
be translated into regular-spaced boundary formation.

(3) Boundary formation: the paraxial (somitic) mesoderm generates each
segmental border and is divided into the so-called epithelial somites.
The establishment of rostrocaudal polarity within somite primordium
is prerequisite for formation and maintenance of segment border.

(4) Dufferentiation: Soon after their formation, epithelial somites become
patterned in response to local signals derived from the surrounding
tissues.

Signaling molecules such as Sonic hegehog, BMPs, Wnts and Noggin
have been identified and implicated in patterning and differentiation
within the somites. In general, the dorsal part of a somite differentiates
into the dermomyotome, which mainly gives rise to all trunk and lib
skeletal muscle and the dermis of the back, and the ventral part into
a mesenchymal compartment called the sclerotome that gives rise to
axial skeleton. In zebrafish, contribution of somitic cells to dermis has
not been established.

Somitogenesis in amniotes and discussion of general mechanisms
of somite formation and differentiation have been extensively reviewed
elsewhere.8712 Here we focus on the processes that control establishment
of periodicity and boundary formation in the PSM, and try to integrate
zebrafish and amniote data to draw a general scheme of vertebrate
somite segmentation. We start by introducing morphological events of
zebrafish somitogenesis.

1.2. Zebrafish Somite Formation and Mutants

In the zebrafish, the first somites appear approximately 10.5 hours after
fertilization. Cells in the extreme anterior region of the PSM alter their
adhesive properties and undergo mesenchymal-epithelial transitions,
forming epithelial cells around loosely organized mesenchymal cells
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(Fig. 1A-D). The earliest few somites in zebrafish seem to form more
quickly than later ones: 3 per hour for the first six, and 2 per hour
thereafter,!? in a bilaterally symmetric, anterior to posterior wave until
a total of about 30 somites pairs is formed. It had been thought that
the mechanical forces arising from compaction of the presumptive
internal mesenchymal cells of prospective somite cause them to detach
from the unsegmented PSM. However, zebrafish doubly mutant for
knypek and trilobite (both are characterized as a convergent extension
mutant) can make somites without internal mesenchymal cells or
compaction.'* Thus, two rows of presumptive border cells are sufficient
to make segment borders in zebrafish, suggesting that PSM cells can
be segmented into somites by local cell-to-cell interactions (or cell
behaviors), without mechanical aids of internal mesenchymal cells. Unlike
amniote, muscle differentiation takes place prior to furrow formation
in a special population of PMS cells adjacent to the notochord, adaxial
cells (see Stickney et al'®> for a review).

In a large-scale screening for mutations affecting development of
zebrafish embryo, two groups of genes, fis-type and you-type genes,
were identified that play an important role in somite formation. The
you-type mutants, you, sonic-you, you-too, chameleon and u-boot, do not
exhibit obvious defects during somite segmentation but do have defects
in somite patterning such as muscle differentiation.!® Recent work has
shown that you-type genes encode components of Sonic hedgehog
pathway that is required for slow muscle differentiation in the somite
and the ventral neural tube. Indeed, sonic you and you-too were found
to be somic hedgehoy and gli2, respectively (see Currie and Ingham!©
for a review). Another group of somite mutants is fis-type genes,
containing 5 complementation groups, fused somites ( f3s), beamter (ben),
deadly seven (des), after eight (aei) and mind bomb (mib), and exhibits
a defect in somite boundary formation. However, the spatial distribution
of the defects is different among mutants: f§s controls the formation
of all somites while the other four only govern the formation of posterior
somites, the first several somites remain intact in these mutants.!®17
Most of the genes were already identified, which made a significant
contribution to understanding of vertebrate somite segmentation.!®
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2. Gene Expression and Segmental
Property in the PMS

In zebrafish, like in other vertebrates, somite formation is presaged by
stripes of gene expression within the morphologically unsegmented PSM.
Metameric patterns of paired bilateral stripes of transcripts have been
observed for a number of zebrafish genes (Fig. 2), clearly indicating that
cells in the anterior PSM are allocated to specific somites or acquire a
segmental property before epithelial segment boundaries become evident.
Interestingly, some genes such as mesp, eph A4 and notch5 show a preferential
expression within prospective rostral or caudal parts of somites, indicating
rostrocaudal specification of the somite primordia prior to boundary
formation. As described below, segmental prepattern and rostrocaudal
specification are established through the Notch signaling pathway. Indeed,
loss-of-function and gain-of-function experiments in the chick, Xenopus,%->
mouse?!23 and zebrafish?* have demonstrated that the Notch pathway is
involved in creating the regular somitic pattern (see below).

The Notch pathway is an intercellular signaling cascade consisting of
the transmembrane receptor Notch and its transmembrane ligands Delta
and Serrate. Upon activation, the extracellular domain of Notch is released
by Furin-protease and the membrane-bound intracellular domain of Notch
(NICD) is further processed by Presenilin. NICD interacts with Suppressor-
of-Hairless/RPBJk and enters the nucleus to activate bHLH genes in the
hairy-Enhancer of split (E(spl)) family, such as ¢-bairyl in chick, Hes in
mouse and Her in zebrafish. Lunatic fringe is known to act in the Go
lgi as a glycosyltransferase enzyme that modifies the extracellular domain
of Notch and regulates the activity of the Notch receptor.?>*® A number
of homologues of components in the Notch pathway have been identified
in zebrafish,”” and some of them show segmental or specific expression
in the PMS and segmented somites (Fig. 2A).

3. A Molecular Clock Functions in the PSM

Existence of the clock in the PSM has been predicted by theoretical
models. According to the “Clock and Wavefront” model, a widely
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Fig. 2. Patterns of gene expression in zebrafish segmented and presomitic mesoderm
(A) Expression patterns of genes though to be involved in somite segmentation, boundary
formation and differentiation. The two most recently formed somites (SI, SIT), a forming
somite (S0, dotted line) and the presomitic mesoderm (PSM) are shown. Drawings are
oriented with the anterior to the left. Color density (from black to gray) largely
corresponds to the level of expression. herl, her7 and deltaC expression oscillates in the
posterior to intermediate PSM and becomes stabilized in the anterior PSM. Thus, the
drawings depict their expression pattern at one moment. (B) Schematic diagrams
illustrating expression profile of herI (red) and mesp-a (blue). Solid lines represent formed
somites while dotted lines represent successively forming somite. The herl expression
domain appears around the tailbud, and moves anteriorly until it finally overlaps with
the most anterior stripe of mesp-a. Both stripes disappear near the point of furrow
formation. The posterior tip of the tailbud is always positive for berI transcripts. A stripe
of herl appears every 30 minutes in the tailbud region, and persists for about 1.5 hours
(three somite cycles in zebrafish).
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accepted model,?8?? the clock creates a temporal periodicity, such as a
cyclic wave of gene expression in the PSM, which would later be
interpreted by the wavefront (or determination front) to generate spatial
periodicity of the somites. The wavefront that exists in the anterior PSM
gradually moves back at a constant speed as somitogenesis proceeds and
the tailbud retreats. Thus, the stepwise interaction between the clock
and the wavefront (or periodic entry of the wave into the wavefront)
leads to regularly spaced furrow formation in the anterior PSM. The
first molecular evidence for the existence of a somitogenesis oscillator
came from the discovery of the oscillating expression of the chick hairy
homologue, c-hairyl.® The expression domain appears in the tailbud and
sweeps up the PSM once per somite formation. Subsequently, additional
hairy-related genes have been shown to oscillate in both the chick
(c-hairy2 and ¢c-Hey2) and mouse (besl and bes7) PSM.3%32 The expression
of lunatic fiinge (Ifng) also oscillates within the chick and mouse PSM.33-3
Their cycling behavior in the PSM is regulated at transcriptional level.
A vital connection between the oscillator and somitogenesis has been
established by knockout mice in which the oscillating gene, /fing or hes7,
was mutated: in both cases, somite formation and rostrocaudal patterning
within segments are disrupted.32:36:37

In the zebrafish, the expression of hairy-related genes, herl and
her7 have been shown to oscillate.3840 As shown in Fig. 2B, herl
expression usually appears as three stripes in the PSM. A new wave of
herl expression appears in the tailbud every 30 minutes (the duration
of one-somite formation in zebrafish), becomes narrower as it moves
anteriorly, and finally stabilizes at the future segmentation point in the
anterior PSM before decaying. The one known zebrafish /fizg homologue
does not appear to exhibit an oscillating pattern of expression.*! Instead,
the expression of the Delta homologue, deltaC oscillates in a pattern
overlapping that of kerl and her7.4042

4. Molecular Circuit in the Clock

The zebrafish fis-type mutants have defects in somite segmentation.
Except for fs, four mutants exhibit relatively similar phenotype: several
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anterior somites are formed and irregular somitic borders are formed
in the posterior paraxial mesoderm. Furthermore, extra defects, that
can be interpreted as being deaf to Notch signaling, are observed. For
example, the ase/ mutant has neuronal hyperplasia and des shows
neurogenic abnormalities in the neural plate.*? Indeed, subsequent work
has shown that aei, des and mib encode DeltaD, Notchl and RING
E3 ubiquitin ligase (a novel Notch component), respectively.38:4#4:45

The expression of the oscillating genes, berl, her7 and deltaC, is
perturbed in zebrafish Notch pathway mutants.!”342 In aei/deltaD and
des/notch1 embryos, herl, her7 and deltaC expression are absent or greatly
reduced in the posterior PSM, but are expressed in a disorganized “salt
and pepper” pattern in the rostral PSM. Based on the assumption that
cells of the mutant PSM are simply uncoordinated in their expression
of these genes, Jiang et al*? proposed that Notch signaling is crucial
for synchronization of oscillation between neighboring cells. However,
recent work in zebrafish, chick and mouse supported the notion that the
Notch pathway functions within the oscillator itself. The transcription of
hairy genes in PSM cells depends on the activation of Notch signaling;
misexpression of Notchla receptor causes ubiquitous expression of serl
in zebrafish PSM,*0 and herl and her7 expression is down-regulated in
Notch pathway mutants.33404 Herl and Her7, being transcriptional
repressors, then inactivate their transcription as well as delta genes.
Overexpression of Herl leads to a decreased level of deltaD and deltaC*®
while morpholino antisense (MO)-mediated elimination of Herl, or both
Herl and Her7 function causes the widespread, elevated expression of
deltaC and Jherl, resulting in elimination of the oscillation of her and
deltaC expression.38494* Thus  the transcriptional response to Notch
signaling in zebrafish PSM cells can be negatively regulated by the action
of induced Her proteins. The expression of all Notch components (delta,
notch, and her) is initially activated at the tip of the tailbud (Fig. 2A)
probably by a certain factor perhaps controlling mesoderm fate, when
cells are allocated to the paraxial mesoderm. The subsequent activities
of these proteins could then establish a negative feedback loop to create
oscillation in gene expressions.

The model proposed by Oates and Ho*? predicts the following events
within one oscillation cycle (Fig. 4B).
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Fig. 3. Zebrafish segmentation mutants (A-B) Phenotypic appearance of wild-type
(~16-somite stage), aei/deltaD and fs/tbx24. Lateral views (anterior is left) of live embryos
(A) and dorsal views (anterior is top) of embryos stained with /serl probes (B) are shown.
aei: the first eight somites appear normal while no somite is formed beyond this point. fSs:
no somite formation is observed. In a fis embryo, most anterior 4er! stripe is missing while
the posterior two are normal. By contrast, in a¢z embryo, only broad expression of hberl is
detectable in the anterior PSM (arrow). (C) Skeletal phenotype of zebrafish segmentation
mutants. When carefully maintained, 2¢z and fis homozygous mutants are viable and fertile.
Low (left) and high (right) magnification views of wild-type and mutant skeletons are shown.
Severe defects are seen in vertebra in f§s mutant. The centra (ct) in fis are almost normal in
shape but the length of individual centrum is slightly more variable. In contrast, fis mutant
shows irregular formation of the arches (neural arch, na on the dorsal and hemal arch on
the ventral). As compared with fSs, the phenotype of aei is less severe.
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Fig. 4. Possible mechanisms for the segmentation clock based on the negative feedback
loop of Notch signal. In both amniotes and fish, the negative feedback loop of Hairy
proteins (Hes7 in mouse and Herl /Her7 in zebrafish) may lie in the core of the oscillator,
and deltaC and Lunatic fringe are differently coupled with the oscillator (for detailed,
see text). Involvement of Wnt singal in the segmentation clock has been shown in mouse.
It was shown that Axin2 and Lfng transcription oscillate out of phase, suggesting a
inhibitory interaction between the two pathways.®* Involvement of Wnt signal has not
been tested in fish. DII1, Delta-like 1; D113, Delta-like 3; Dvl, disheveled.
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(1) Delta activates Notch signaling. The deltaC gene could be an
immediate target of Notch signaling, providing a rapid amplification
of basal deltaC expression.

(2) After a short lag time, the transcription of her genes is activated
and Her proteins accumulate. Finally, Her proteins act on promoters
of their own and deltaC, switching off the loop.

(3) When the level of Her proteins drops below a specific threshold,
activated Notch signaling starts the cycle again.

Reactivation of Notch signaling could depend on the low and/or
constant level of Delta proteins present throughout the PSM. In addition
to a clock generator, Delta proteins may have a non-cell-autonomous
function with which to synchronize oscillations in adjacent cells and
could serve as a clock synchonizer. Therefore, it is likely that the
generation and coordination of the oscillation cannot be separated to
cach other but rather they are one and the same. In any case, it would
be essential to examine whether the segmentation clock is cell-
autonomous or whether the clock still runs in Notch pathway mutants.

As described above, in chick and mouse, unatic fringe (Lfiny), another
important target of Notch signaling, displays a cyclic oscillation in the
PSM.33-3% In chick embryo, Lfng is activated by Notch signaling and
negatively regulate Notch signaling, forming a negative feedback loop in
PSM cells (Fig. 4A).*” Consistent with this, RBPJk (a cofactor of NICD)
binding sites are located in mouse Lfig promoter that is responsible for its
own cyclic expression.*34 In mammals, Hes7 that shows cyclic expression
of mRNA in the PSM appears to play a central role in the segmentation
clock because its knockout mutation results in somite phenotypes and up-
regulation of Hes7 transcripts.?? Spatial comparison, using the antibody
specific to Hes7 protein, revealed that Hes7 and Lfiy transcription occurs
in the Hes7 protein-negative domains in the PSM. Thus, periodic repression
by Hes7 protein is critical for the cyclic transcription of Hes7 and Lfng.5

Taken together, in all vertebrates examined so far, a negative feedback
loop mediated by the Notch pathway seems to lie at the heart of the
oscillator (Fig. 4). The model, however, requires a rapid degradation
of Hairy and Lfng proteins. Indeed, those proteins were shown to be
highly unstable in mouse and chick embryos.*”>0
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5. Wavefront

5.1. Fused Somites/Tbx24 Regulate the Wavefront Activity

As described above, four of fis-type mutants show essentially the same
phenotype, with posterior somite defects and neuronal hyperplasia, and
encode components of the Notch signaling cascade. The fifth mutant,
fss, however, exhibits a different phenotype, characterized by complete
lack of somite formation along the entire anterior-posterior axis.
Expression analyses with the fis-type mutants have demonstrated that
the Fss and Notch pathways are functionally distinct.3® As it rostrally
travels in wild-type PSM, herl expression domains becomes narrower,
slows down and finally arrests in the anterior PSM before decaying.
The gradual slowing and stabilization of the oscillation are thought to
occur in the wavefront that is established through the activity of Fss.
In fis mutants, the anterior-most stripe of berl is always missing, while
the posterior two normally appear in the PSM. By contrast, the posterior
herl stripes are disorganized or abolished, while the anterior one is
detectable in aei/deltaD mutants. This indicates that Fss does not affect
the oscillation and is sufficient to induce or maintain 4erl expression
in the anterior PSM in the absence of normal Notch signaling. In
addition to a defect in stabilizing the oscillating gene expression, fss
mutation blocks the induction of a number of segmentation key genes
such as mesp and pape in the anterior PSM. Therefore, Fss is required
for nearly all events in the wavefront prior to segment border formation.
Recently, it was found that the fis gene encodes a novel T-box
transcription factor, Tbx24, which is specifically expressed in the PSM
(Fig. 5A, B).>! Comparing amino-acid sequences corresponding to the
T-domains revealed that the new T-box protein does not belong to
any other T-box clusters, and no significant similarity is found in the
region outside of the T-domain.

Since the fis/tbx24 mutation affects only the rostral-most berl stripe,
leaving the caudal two stripes intact, Fss/Tbx24 function was thought
to be required only in the rostral PSM. However, fis/tbx24 is widely
expressed in the intermediate and anterior PSM (the anterior border
of the expression domain resides in the anterior of SO) (Fig. 5B). In
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Fig. 5. Fss/Tbx24 and Fgt signaling control the wavefront (A) Amino acid sequence
identity (%) between Fss/Tbx24 and other T-box genes. According to the BLASTP search,
Fss/Tbx24 is most related to Tbx6 proteins, although the identity is low. (B) Expression
of fis/thx24 at the segmentation stage. Double iz situ hybridization of MyoD® (red) and
fis/tbx24 (blue, arrow) in a flat-mounted embryo. fss/tbx24 is widely expressed in the
intermediate to anterior PSM. The anterior is oriented to the top. SI is most recently
formed somite. (C) Manipulation of Fgf signaling using a chemical FGF-R inhibitor
(SU5402) alters somite size. Lateral view of a treated live embryo at 7-somite and its
histological section are shown. The somite number is indicated by Arabic numerals near
the somites. The embryos were incubated in SU5402-containing medium for 8 minutes
at 2-somite stage, followed by intense washing. Large somites are observed at the level
of 7th somites (arrowheads). Histological section confirms the formation of large somites.
Note that a large somite (asterisk) contains more somitic cells that exhibit no cellular
abnormality. (D) A model of how Fgf/MAPK signaling is involved in somite boundary
formation. An Fgf signal activated in the intermediate and posterior PSM antagonizes
maturation of PSM cells. In the wavefront, the anterior PSM, which is devoid of MAPK
activation, becomes competent to initiate furrow formation in response to the oscillator.
When an Fgf signal is transiently compromised by SU5402, the maturation is accelerated
and the wavefront is posteriorly expanded, which leads to a posterior shift in furrow
formation.
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other words, PSM cells start to express fss/tbx24 when they pass from
the posterior to intermediate PSM and maintain expression until segment
border formation is complete. This expression pattern provides an
important clue to Fss/Tbx24 functions in somite boundary formation.
It is thought that PSM cells, born in an immature state in the tailbud,
mature during the process of segmentation and become competent to
segment as they pass from the intermediate to the anterior PSM. When
they reach the anterior PSM, cells activate segmentation genes and
stabilize the expression of oscillating genes, at which point segmentation
occurs. The fact that both of these events fail to occur in fis mutant
embryos and that fs/tbx24 is expressed in maturing cells located in the
anterior and intermediate PSM supports the idea that Fss/Tbx24 is an
essential factor in the maturation process leading to a segmentation-
competent state. Thus, the phenotype of fis/tbx24 homozygous embryos
could be explained as a result of a defect in the maturation process.

T-box family genes have been implicated in development of the
paraxial mesoderm. Especially Mouse Tbx6 protein is thought to play
a crucial role in a cell fate decision between the paraxial mesoderm and
neuroectoderm. In Thx6-mutant mice, because of a biased cell fate
decision toward the neural, additional neural tubes are formed at the
expense of somite formation.>?> Thus far, no mammalian counterpart
of fss/thx24 can be found in the databases (Y. Saga, personal
communication), suggesting that fis/zbx24 evolved uniquely in fish
lineage. Indeed, Fugu ahd medaka have the fis/t624 gene (HT, personal
communication). Furthermore, from the following observations, it is
tempting to speculate that, due to subfunctionalization of duplicated
genes during fish evolution, the function of Tbx24 takes over a part
of Tbx6 function. First, the T-domain of Fss/Tbx24 is related to that
of Tbx6, especially mouse TBX6 proteins, although the identity is not
so high. Second, the expression patterns of zebrafish tbx6 and fss/tbx24
are likely to recapitulate the overall expression of mouse tbx6: mouse
thx6 is broadly expressed throughout the PSM (from the tailbud to
anterior PSM),>® while zebrafish #hx6 expression is confined to the
tailbud region but instead, fss/tbx24 expression is detectable in the
intermediate to anterior PSM.?1%* Finally, a recent work using a weak
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allele of Thx6 mutation has revealed that in addition to its role in the
formation of paraxial mesoderm, mouse Tbx6 acts on rostrocaudal
specification of the somites.?® Partial restoration of Tbx6 expression in
null mutants rescues development of the paraxial mesoderm development
and somites, but the resulting somites lose the anterior characters leading
to the fusion of rib and vertebral fusions. This is reminiscent of the
fact that in f§s mutants, expression of most of the rostral-specific genes
(e.g. mesp and ephA4) are lost and thus somitic cells appear to be

posterior in nature.!”

5.2. Positioning the Wavefront in the Anterior PSM

The clock and wavefront model predicts the presence of positional
information as well as molecular oscillator in the PSM. The positional
information is required for restricting wavefront to the anterior PSM.
In fact, somite boundaries are formed one by one in the anterior to
posterior direction and the maturation process must be tightly regulated
in a way that the wavefront is always placed in a specific region of the
rostral PSM and moves caudally as development proceeds. What
determines the position of the wavefront or the point of the transition
from an immature to mature state in the PSM? Studies performed in
both the chick and zebrafish, address this question by showing that
Fgt signaling, especially mediated by Fgf8, provides positional
information along the rostral-caudal axis of the PSM.5>56

Egf8 is expressed in a graded fashion in the chick PSM with the
high end of the gradient at the caudal end. Similarly in zebrafish, the
activation level of Fgf signaling is high in the caudal PSM and drops
between the intermediate and the rostral PSM, as indicated by the
phosphorylation of MAPK, which is one of the major downstream
targets of Fgf signaling. The activation pattern of MAPK closely
resembles the expression pattern of zebrafish /8 (Fig. 2A). The pattern
of fjf8 expression and activated MAPK suggests a role for Fgt signaling
in the maturation of the PSM. Indeed, FGEF8, when mis-expressed
in the entire PSM of chick embryos, up-regulates a caudal marker,
Brachyury (also known as an early mesodermal marker), in the rostral
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PSM and suppresses segmentation indicating that Fgf8 maintains the
posterior identity (immature state) of the PSM. More interestingly, a
transient manipulation of Fgf signaling in chick and zebrafish embryos
alters the size of the somites (Fig. 5C): transient inhibition of Fgf
signaling results in the formation of larger somites, whereas transient
activation results in smaller somites. Detailed analyses of gene expression
in manipulated wild-type and mutant embryos revealed that Fgt/MAPK
signaling regulates the position of the wavefront within the PSM.
Suppression of Fgt signaling by a chemical inhibitor of Fgf-receptor
mediated signaling (SU5401) caudally shifts the wavefront: this causes
herl expression to be prematurely terminated and become Fss-dependent
in the intermediate PSM instead of the rostral PSM (Fig. 5D).
Accordingly, the expression of segmentation genes such as mesp and
pape is induced in the intermediate PSM leading to a posterior shift
in segment border formation and larger somites. These results are
complementary to those obtained with transplantation of Fgf beads,
strengthening the idea that an Fgf signal determines the position of
segment border formation by negatively regulating the wavefront and
the maturation of the PSM (Fig. 5D). Importantly, as development
proceeds, the Fgf activation domain gradually moves caudally at a
constant speed, suggesting that Fgf signaling functions as a constant
source of positional information within the PSM. Fgf signaling appears
to function independently of Notch and Fss activity because the pattern
of ff8 expression and MAPK activation remains unchanged in these
mutants. Furthermore, as in wild-type embryos, inhibition of Fgf
signaling causes a posterior shift in the persistent anterior serl expression
domain in aei/deltaD mutants.>® Therefore, it is reasonable to assume
that Fgf signaling directly controls the transition from immature to
mature state of PSM cells, and, thereby, determines the position of the
wavefront.

Another intriguing result obtained with the chemical inhibitor is that
four to five somites are normally formed after the treatment even though
the level of Fgf signal drops immediately after addition of the inhibitor.
This indicates that the positioning of furrow formation is already specified
or made Fgf-insensitive at least at the position of —-IV to -V in the
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PSM. Interestingly, the Fgf-sensitive region approximately corresponds
to the heat-shock sensitive zone in zebrafish: the initial defects in the
segmental pattern after heat shock are observed five somites posterior
to the forming somite at the time of heat shock.5” It was shown that
position —IV to -V represents a position at which the level of Fgf/
MAPK activation drops below a threshold allowing the cells to mature.
Similarly, grafting experiments in chick revealed that the rostral-caudal
polarity within the somite is irreversibly determined in the PSM around
the level of somite —IV.%®

6. Establishment of Rostrocaudal Polarity

Establishment of rostrocaudal subdivisions within each somite primordia
is thought to precede somite boundary formation. It has been shown
in chick by reversing the grafts of anterior PSM that rostrocaudal polarity
of the somite is established in the PSM and is maintained independently
of its orientation with respect to the environment.>® Additional grafting
experiments suggest that somite borders form only when rostral and
caudal somite compartments are juxtaposed to each other.>

6.1. Gene Network Centered on Mesp Gene

The generation of the rostrocaudal polarity is also thought to be
controlled by the molecular clock. However, in zebrafish, defects in
the rostrocaudal polarity are often not distinguished from defects in
the molecular clock function, because most of Notch pathway mutants
in zebrafish exhibit similar phenotypes. For example, zebrafish aez, des,
and bea mutant embryos commonly show a salt-and-pepper
(randomized) expression pattern of the rostral- or caudal-half marker
genes, instead of normal regular stripes.*>** This phenotype is virtually
indistinguishable from the phenotype seen in the herl- and her7-
morpholino-injected embryo, which shows disruption of cyclic gene
expression.*? Thus, there is no available Notch pathway mutant in
zebrafish that enables further analysis of the mechanism of rostrocaudal
patterning separately from the molecular clock. However, the expression
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patterns of several genes such as deltaC, notch5 and mesp reveals
rostrocaudal subdivisions prior to boundary formation and maintained
in segmented somites. A bHLH transcription factor, mesp-b (zebrafish
homologue of mouse Mesp-2) is shown to play a crucial role in this
process. Mesp-b is expressed in the anterior parts of somite primordia
(Fig. 2A). Ectopic expression of Mesp-b in embryos causes a loss of
the posterior identity within the somite primordium, leading to a defect
in segment border formation. These injected embryos show a reduction
in expression of the posterior genes, myoD and notch5, with uniform
expression in the anterior genes, FGFR 1, papc and notch6. Thus, Mesp-
b act upstream of the Notch pathway to confer the anterior identity
to the presumptive somites, by regulating the essential signaling pathways
mediated by Notch-Delta and FGFR.?°

In addition to Mesp2, Notch pathway mutants in mouse exhibit
various patterns of phenotypes regarding the rostrocaudal polarity of
somites. For example, in Delta-like 1 (DIll)- and RBPjk-null embryos,
somites show neither rostral nor caudal property,®® whereas Delta-like3
(DI13), Ifng and Hes7-null embryos show a salt-and-pepper expression
pattern of caudal marker genes.32:3:37:60.61 Among them, Mesp2-null
and Presenilinl (Psenl)-null embryos show opposite phenotypes with
respect to the rostrocaudal polarity of somites.%? The Mesp2-null embryo
exhibits caudalized somites, i.c., the somite loses the rostral-half property,
and the whole somite acquires the caudal-halt characteristics. The reverse
is true for the Psenl-null embryo. The rostrocaudal polarity of somites
well correlates with the spatial pattern and the level of expression of
the Notch ligand DI//1. Genetic analyses of Mesp2-null, and Psenl-null
mice, and mice carrying an activated Notchl in the Mesp2 locus have
led to a model for rostrocaudal patterning, in which two Notch pathways
can be active in the anterior PSM.%? One is the Psenl-dependent Notch
pathway for inducing expression of DI/, and the other is the Psenl-
independent Notch pathway for suppressing expression of DIl]
(Fig. 6A). In mouse and zebrafish, initial expression of mesp genes are
observed over the length of one somite and become localized to the
rostral half, which is crucial for creating rostrocaudal polarity in somite
primordia. Mesp2 normally suppresses the D//I-inducing pathway and
potentiates the DI//I-suppressing pathway in a region corresponding to
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one presumptive somite. When Mesp2 expression becomes restricted to
the presumptive rostral half, expression of DI//1 is induced in the
presumptive caudal half by the Psenl-dependent Notch pathway. In
both zebrafish and mouse embryos, at least two Notch ligands (deltaC
and deltaD, and DI/l and DII3, respectively) are co-expressed in the
PSM, and their expression domains are finally segregated into the rostral
63-65 These expression patterns imply
that these ligands do not have merely redundant functions, but also
have distinct roles in somite patterning and boundary formation. Further
genetic analyses revealed that DII1- and DII3-Notch signaling and Mesp2
constitute a complex signaling network for stripe formation in the
anterior PSM.% Feedback loops of DII1 and Mesp2 are essential for
establishment of the rostrocaudal polarity, while DII3 is necessary for
localization and integration of expression of D//I and Mesp2. In addition,
DII3-Notch signaling is shown to counteract Psenl-dependent DII1-
Notch signaling (Fig. 6B).

Another important factor that regulates rostrocaudal polarity is
Foxcla, a winged helix transcription factor. In foxcla-morpholino
injected embryos, somite segmentation is severely disturbed.®” Detailed
expression analysis further revealed that knock-down of Foxcla function
does not affect the oscillating expression of herl and delataC but that
it abolishes or reduce segmental expression of genes normally transcribed
in either caudal or rostra half of the segments, such as mesp-b, ephrinB2,
ephHA4, notch5 and notch6. Similar results were obtained in mutant
mice that are compound null mutants for Foxcl and the closely related
Foxc2,%® indicating an essential and conserved function of Foxcl family
gene in rostrocaudal patterning of the somites.

or caudal half of formed somites.

6.2. Rostrocaudal Patterning and Clock Mechanism

As discussed above, expression of some genes are considered to reflect
the molecular clock, such as chick c¢-hairyl, oscillates as a “traveling
wave” from the posterior PSM, stabilizes at the anterior PSM and finally
forms a half-a-somite stripe retained in somites.® Therefore, the
rostrocaudal patterning, i.e. formation of half-a-somite stripe pattern
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Fig. 6. Genetic cascade leading to the establishment of rostrocaudal polarity of mouse
somites (A) Establishing rostrocaudal polarity in a somite primordium. D//I expression
is regulated through two Notch signaling pathways. When Mesp2 is initially expressed
both in prospective rostral and caudal regions at S-II, Mesp2 suppresses D//I in the entire
somite primordium by suppressing the Psenl-dependent Notch pathway and by activating
the Psenl-independent Notch signaling pathway. When Mesp2 expression becomes
localized to the presumptive rostral half of the somite after 40-60 min, D//1 expression
is induced in the caudal half via Psenl. Pink shading indicates Mesp2 expression, while
blue indicates D//I expression. Vertical arrow indicates the position of new segmental
border. (B) A putative feedback signaling cascade in the anterior PSM. DII1-Notch
signaling results in induction of both D//1 itself and Mesp2. The positive feedback of DII1
is mediated by the Psenl-dependent signal. Induction of Mesp2 is mediated via Psenl-
independent DII1-Notch signaling and Psenl-dependent DII3-Notch signaling. Mesp2
negatively regulates D//I expression. In contrast to DII1, DII3 has roles in up-regulation
of Mesp2 and suppression of D//1. The Psenl-independent pathways are shown with green
arrows.
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of gene expression, has been regarded as a result of stabilization of
oscillating expression in the posterior PSM. However, none of the half-
a-somite stripe patterns of DII1, DII3 and Mesp2 are formed in the
absence of Mesp2 function and at present, there is no evidence of the
half-a-somite stripe prepattern upstream of Mesp2 in mouse.

There is another example that the oscillation in the posterior PSM
seems to be separated from the stripe formation. As described above,
Holley ez al** have reported that in zebrafish embryos injected with
her1-MO, a normal stripe of deltaC expression is formed in the anterior
PSM, in the absence of oscillation of de/taC or herl in the posterior
PSM. In this case, the deltaC stripe at the anterior PSM is not a result
of simple stabilization of oscillating expression in the posterior PSM,
but is likely to be formed by another mechanism. This stripe formation
also appears to be mediated by Notch signaling, because the additional
loss of DeltaD function disrupts stripe formation. In addition, injection
of herl/her7 double-MO completely abolishes stripe formation.*? Holley
et al** suggested that Notch signaling acts in oscillator of cyclic gene
expression in the posterior PSM as well as in stripe formation
(refinement of the stripe) at the anterior PSM. Therefore it could be
possible to assume that the narrowing stripe formed at the anterior
PSM of mouse embryo, by the positive and negative feedback loops
among DII1, DII3 and Mesp2 (Fig. 6B). These feedback loops may
constitute a kind of cellular oscillator in the anterior PSM, which is
distinct from the oscillator in the posterior PSM. This process may be
normally linked with the oscillation process in the posterior PSM.

7. Formation of Morphologically
Distinct Somite Boundary

The final step in somite formation is the creation of morphologically
distinct boundaries. For this, the segregation of PSM cells and
mesenchymal-epithelial transition along the forming epithelial boundary
could be essential. The Eph intercellular signaling system has been
implicated in somitogenesis. The receptor EphA4 is expressed in the
anterior while its ligand, ephrinB2, is in the posterior half of the
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presumptive and developing somites. EphrinB2 is a transmembrane
protein capable of transducing a signal into the expressing cell. Boundary
formation seems to take place at the site of interaction between EphA4-
expressing in the posterior of the forming somite and EphringB2-
expressing cells in the anterior of the presumptive somite. Interruption
of Eph signaling leads to abnormal somite boundary formation in
zebrafish.®® Given that Eph receptors and Ephrins are thought to
function intercellulary as repulsive factors by influencing cytoskeletal
architecture and cell adhesion,”® the presence of EphrinB2 on one side
of the boundary and EphA4 in cells on the other could mediate changes
in cell shape and adhesion required for furrow formation. In zebrafish
f3s mutants, the expression of EphA4 is lost, while ephrin-B2 is expressed
throughout this region. Surprisingly, transplanting of cells ectopically
expressing EphA4 into the paraxial mesoderm of fis mutant rescued
boundary formation, indicating that the Eph system is sufficient to
cause morphological boundary formation in the paraxial mesoderm.”!
Interestingly, ectopic boundaries were sometimes only visible on one
side of a group of transplanted Eph4-expressing cells, suggesting that
the cells may become polarized (a sign of epithelialization) during
boundary formation.

Cadherin, one of the major cell adhesion molecules, has been
implicated in somite boundary formation in amniotes. Cadherins cluster
on the cell surface and bind to cadherins on adjacent cells through a
Ca?*-dependent homotypic interaction. N-cadherin, which is the primary
cadherin associated with somitogenesis, is expressed in the anterior
presomitic mesoderm and segmented somites. Inhibition of N-cadherin
with an antibody or by genetic inactivation disrupts the formation of
epithelial somites.”>”7# Interestingly, N-cadherin deficient somite tends
to be cleaved into the anterior and posterior halves, and the cleaved
halves maintains the cluster state with epithelial morphlogy.”> Thus,
one role of N-cadherin is to connect the two halves into a single unit,
a somite. Recently, zebrafish parachute (pac) mutant was found to carry
a potential null mutation in zebrafish N-cadherin homologue (pac/
ncad).”%77 In spite of defects in neural tube and eye development, no
gross somite defects were apparent in pac mutant, probably due to a
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gene redundancy, and thus, a role of N-cadherin in zebrafish
somitogenesis remains unclear. Recent work has also identified the
protocadherin, pape, another member of the cadherin superfamily as
an important regulator of somitogenesis in Xenopus, zebrafish and
mouse. papc is expressed in the anterior of the presumptive somites
and its inactivation leads to the abnormal formation of the somites.”87”?
Although mice deficient for pape do not display no clear segmentation
defect, in vitro analysis with a soluble form of Papc that could act in
a dominant-negative fashion demonstrated that Papc is an important
regulator of somite epithelialization at the intersomitic border.8°

Finally, the bHLH gene, paraxis may also be involved in the final
step of somite formation. paraxisis expressed in the PSM and segmented
somites, whose expression pattern is largely conserved in mouse, chicken
and zebrafish (Fig. 2A).8! A targeted null mutation of paraxis caused
a deficiency in somite epithelialization.8? Interestingly, somitic cells in
the mutant segment at a regular interval, just like in wild-type embryos,
but there is no sign of epithelialization. This indicates that the two
processes, segmentation and epithelialization, can be genetically
separated. Intriguingly, unlike other segmentation key genes, paraxis
expression in zebrafish is independent of Fss activity, but depends on
Foxcla.®” Thought loss-of-function analysis is yet to be done, it is
reasonable to speculate that the same might be true for the function
of zebrafish paraxis.

8. Unanswered Questions

Accumulating experimental and genetic data lead us to conclude that
the molecular clock and wavetront activity establish the periodic pattern
of the PSM. However, there are many questions yet to be answered.

Although a number of components of the segmentation clock have
been isolated, their detailed interactions within the oscillator still remain
unclear. Recently, Hirata ¢t /8% have reported that serum treatment of
various cultured mouse cell lines induces cyclic expression of both mRNA
and protein of Hesl, a repressor of Notch signaling, with a periodicity
(2 hours) similar to that seen in mouse segmentation. While we do not
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know how much this 77 vitro system reflects the segmentation clock working
in the PSM, this 7z vitro system could greatly facilitate the analysis of
complicated interaction among clock components. Furthermore, a novel
link between Wnt signaling and the segmentation clock has recently been
established.®* Axin2, a negative regulator of the Wnt pathway, shows
oscillating expression in the PSM, even when Notch signaling is impaired.
Moreover, Wnt3a is required for oscillating Notch signaling activity in the
PSM. These results suggest that Wnt signaling functions upstream of the
Notch pathway (Fig. 4A). The interaction between the two signaling system
awaits the further biochemical studies.

The interaction between the oscillation wave and wavefront in the
anterior PSM should be analyzed molecularly. The formation of the
wavefront is thought to depend on Fss/Tbx24, and one of the key
molecules involved in wavefront activity is likely to be Mesp2. Mesp
acts both downstream and upstream of the Notch pathway to establish
rostrocaudal subdivisions within the somite primordium. As described
above, Fss/Tbx24 regulates expression of mesp and ephA4, a possible
key molecule in epithelial boundary formation, while Foxcal, but not
Fss/Tbx24, regulates the expression of paraxis, which is implicated in
epithelialization of somitic cells. Therefore, a complicated genetic
network is working in the anterior PSM. Positional information in the
PSM also should interact with this network. In mouse, Wnt3a was
proposed to act upstream of or together with Fgf8 in the PSM.%*
However, this is yet to be confirmed in other vertebrates. At least in
zebrafish wnt5 mutant (pipetail), no obvious segmentation defect has
been reported.®> Ultimately, determining how the PSM cells mature
and how this leads to segmentation and establishment of segment
polarity will require integrating the function of many downstream genes,
such as Notch, ephA4, Mesp and foxcla, into a complex succession
of positive and negative feedback loops.
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The molecular basis of somite development: the periodic generation of somites,
rostrocaudal (RC) polarization in formed somites, somite furrow formation and somite
differentiation has been substantially explored among different vertebrates for last few
decades, enabling us to understand it from a more mechanistic way. The work on chicken
c-hairyl cycling, mouse knock-outs of Notch components and zebrafish somite mutants
has demonstrated a vital role of Notch signaling in somite segmentation. A mechanism
involving cyclical activation of transcription and delayed negative feedback regulation is
emerging. Fgf8 and Wnt3a gradients are important in positioning somite boundaries
and, probably, in coordinating tail growth and segmentation. In addition to segmentation,
Notch signaling is also essential for RC polarity and boundary formation in collaboration
with a variety of genes, including Mesp, Eph, ephrin, Protocadherin (Papc), Foxc and T-
box genes. Zebrafish has played an indispensable role in recent progress. Studies of other
species will also be discussed in a comparative and complementary way.

1. Introduction

Vertebrate somites are the most obviously segmental structures in the
early vertebrate embryos. They are formed out of the unsegmented
posterior mesenchyme, the presomitic mesoderm (PSM) in a head-to-
tail sequence and at a regular tempo — 2 hours per somite for mice;
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90 minutes for chicken; 30 minutes for zebrafish. Eventually, each somite
will differentiate and form skeletal muscle, dermis, vertebrae, etc.

In contrast to the syncytial and simultaneous body segmentation of
long-germ band insects such as Drosophila and discrete rhombomere
segregation in vertebrate hindbrain, where growth and segmentation
are uncoupled, vertebrates use a cellular and sequential mechanism to
build up their somite metameres. Only vertebrates and other chordates
have a tail bud. After gastrulation, the vertebrate tail bud continues
to produce somites.! Thus, vertebrate segmentation is theoretically
an open-ended system, where growth and segmentation are connected.

In general, the vertebrate somitogenesis begins with the recruitment
of prospective mesodermal cells early from the primitive streak (in mouse
and chicken); or its equivalents, the marginal zone in amphibians and
the germ ring in fish. Later on, cells are recruited from the tail bud
to the caudal end of the PSM. The mesenchymal cells are then
prepatterned in the PSM and subsequently mature by increasing cell
number and packing density and by accumulating extracellular matrix.
Somite segmentation is accomplished symmetrically along the midline
by the compaction of cells in the anterior-most PSM and the formation
of intersomitic furrows. After the mesenchymal-to-epithelial transition,
the newly formed somites remain as a partially epithelial structure, where
mesenchymal cells are surrounded by epithelial cells, but later they
differentiate into a dorsolateral dermomyotome and a ventromedial
sclerotome.>1% In summary, there are several interrelated processes
happening in the PSM and they are independent of subsequent
differentiation into skeletal muscle, vertebrae, etc. They consist of the
determination of paraxial mesoderm, the generation of a metameric
pattern, the genetic specification of compartments within somites, the
coordination of somite formation in either sides of the midline and the
somite epithelialization.

Several theoretical models have been proposed, attempting to
incorporate all different aspects of somitogenesis (reviewed by Keynes
and Stern,® and Schnell and Maini'!). The important assumption of
some models is a clock or oscillator (segmentation clock) in the PSM,
generating a temporal periodicity, which is then translated into the
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spatial metameric somite pattern. The identification of a chicken hairy
homolog is a breakthrough for the somite segmentation, which
demonstrated the existence of a clock suggested by experimental
manipulations long ago.!?

The evolutionarily conserved Notch pathway is an important cell-
cell communication signaling and plays an essential role in the
development of many tissues. There are several different ways to use
the Notch pathway in cell differentiation (reviewed by Artavanis—
Tsakonas et al.,'3 and Bray'#). First, during lateral inhibition Notch
activity inhibits Delta expression and neighboring cells are driven to
be unlike. Known examples can be found in neurogenesis of insects
and vertebrates. Second, during lateral induction Notch activity
stimulates Delta expression and neighboring cells are driven to be alike.
A known example is boundary formation in the Drosophila wing disk
(reviewed in Irvine and Vogt!'®). In addition, Notch signaling can be
used for purposes other than the control of cell differentiation. It is
involved in control of neurite outgrowth!6-!8 and, as have recently been
shown, somitogenesis (reviewed in Jiang et al,' and Pourquié??).

This review will focus on the molecular and genetic aspects of
somitogenesis, particularly the segmentation clock and somite
compartmentation, where Notch signaling is involved. As for the
morphological and cellular aspects of somitogenesis, refer to other
reviews.>10.21-23 Eor discussions about the clock mechanism and

24

comparison to circadian clock, refer to Bessho and Kageyama,** and

Rida et al25

2. The Way to a Segmentation Clock

For some decades, developmental biologists have been fascinated by
the problem of how vertebrate embryos regulate somite number, size
and temporal pattern. Many experiments have been done to address
this problem. For example, it has been shown in several vertebrates,
including amphibian, chicken and mouse, that somite segmentation is
an autonomous property of PSM cells, independent of surrounding
tissues and PSM continuity.1226730 Based on the results of teratology,
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embryology and experimental manipulations, several models have been
proposed (reviewed by Keynes and Stern®).

Here I would like to single out two sets of outstanding experiments,
which not only lead to the proposal of two models — the clock and
wavefront model, and the cell cycle model — but also await satisfactory
molecular explanations in terms of a segmentation clock (see below).

2.1. Heat-Shock Experiment

Heat-shock treatment affects somite formation in amphibians, chicken
and zebrafish: the abnormal somites appear after a species-specific time
interval and recover gradually afterwards.3'37 For example, zebrafish
embryos exhibit a somite anomaly of 1-2 somites wide in 4-5 somite-
forming time after heat shock, which corresponds to 2-3 hours of
zebrafish development. One thing is worthy of notice: perturbations
of somite formation induced by a short while of heat shock lead to
pattern abnormalities that are broader than that expected from the
duration of the heat shock itself. This indicated that an irregularity
formed in one somite induces another irregularity in the next succeeding
somite. This observation suggested that a cell-cell communication
mechanism is involved. It was also observed that within each zone of
abnormality, the defect was most severe at the anterior border and
gradually became less severe near the caudal margin.3?

These anomalies have been explained by assuming that heat shock
alters the action of the wave at a single critical point in its passage,
resulting in somite abnormalities a short interval later. The delay between
the time of the heat shock and the appearance of the anomalous
segments reflects the time interval between the determination of a group

of cells to segment together and the somite boundary formation.31-33

2.2. Cell Cycle

It has been observed that a certain degree of synchrony in the cell
cycle exists in the chicken PSM cells.3® Moreover, the heat-shock
experiment done in chicken and other results (e.g. treatment of
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antimitotic agents) related to cell cycle favor the idea that there is an
oscillatory event, perhaps linked to the cell cycle, which plays a role
in gating those cells predetermined to segment together and is
susceptible to heat-shock treatment. It was found that in chicken these
somite anomalies appeared at multiple positions from head to tail, with
a constant and reliable interval of 6-7 somites in between. Since a pair
of somites in chicken forms every 90 minutes, this interval corresponds
significantly to the cell cycle time, which is 9-10 hours in chicken
PSM.3539 The repeated somite abnormalities can also be seen in heat-
shock-treated Xemopus and zebrafish embryos, though rarely.31:37
Consistent with this view, the expression pattern of CS131, a member
of the group of small acidic proteins, including myd118 and GADD45,
that arrests cell cycle, is affected in zebrafish somite mutants.*

A cell cycle model has been proposed,® and subsequently expressed
in a mathematical form.*! This model is the only one that can account
for the multiple but discrete somite anomalies found in chicken heat-
shock experiments. However, the finding of a cycling c-hairyl gene'? and
the discrepancy between chicken and zebrafish in respect of the relationship
between duration of cell cycle and interval of heat-shock anomalies®” argue
against a direct role for the cell cycle in somite formation.

2.3 Previous Models

In addition to the clock and wavefront model*? and the cell cycle
model®* mentioned above, many different models have been proposed
to account for the experimental observations: the wave gradient model*3;
a positional information (reaction-diffusion-type) model** and the cell
polarization model.*> More recently, after the emergence of the
molecular basis of a segmentation clock, there was a boom of many
models with mathematical simulations.!1#146-48 They successfully
explained some aspects of somitogenesis, but failed to elucidate, or
even contradict other observations (reviewed by Schnell and Maini!!).
Moreover, they are devoid of molecular details.

The clock-and-wavefront model which Cooke and Zeeman proposed
few decades ago*? can explicate many aspects of the periodic generation
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of somites and gain support from recent findings (see below). Their idea
was that there is an underlying oscillator governing the behavior of the
cells that are destined to segment together and form a somite. While
cells are in the PSM, their clock runs — that is, they oscillate. As a
wavefront (a front of rapid cell change, controlled by a rate or timing
gradient*?) sweeps rostrocaudally, the cells mature anteriorly, their clock
slows down and is finally arrested. Cells in different positions mature at
different times and are frozen in different phases of the oscillation cycle.
This creates the oscillating spatial pattern of the somites. It is worthy
of mentioning that Slack has suggested to call this as “clock and gradient”
model, since a wavefront is difficult to visualize and sometimes
misleading.***% We will come back to the gradient issue later.

3. Molecular Era — Oscillation and Clock

3.1. Cyclic Genes — Expression Level Changing
with Time and Space

Cyclic and dynamic expression pattern of c-hairyl is the first molecular
evidence of such a clock.!? Palmeirim et a/. have shown that expression
of ¢c-hairyl mRNA is oscillating in the PSM and this process is correlated
with the somite formation. Furthermore, its periodic expression does
not require signals from the surrounding tissues and is independent of
cell movement and de novo protein synthesis.!? The cyclic c-hairyl
mRNA indicates a molecular clock to the establishment of periodic
metameres and a link to somitogenesis. It appears that c-bairyl is more
likely to correspond to a clock output than a clock component, since
its progression is insensitive to blockage of protein synthesis.

After the finding of oscillating c-hairyl expression in the PSM, many
cycling genes have been found in mice: Lunatic fringe (Lfng),>">% HesI3
and Hes7**; in chicken: Lfng,>® c-hairy253 and c-Hey2°%; in zebrafish:
her1,57:58 deltaC>® and her7%% 01 and in Xenopus: esr9 and esr10.%% They
are ecither downstream target genes of Notch, such as Hesl, Hes7,
c-hairyl, c-hairy2, c-Hey2, herl, her7, esr9 and esr10 from hairy/Enbancer
of Split family or Notch regulators, such as deltaC and Lfng. Recently,
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the first non-Notch-related cycling gene, Axin2; has been found in
mice and it encodes a Wnt negative regulator (see the following section,
and Aulehla ez 29%). Cycling expression of c-Hey2 and es79 in the
PSM is insensitive to cycloheximide treatment,?%%2 similar to c-hairyl.
On the contrary, Lfng expressing oscillation depends on de novo protein

synthesis.?®

3.2. Notch Signaling and Mutants

Notch is a transmembrane receptor that interacts with Delta and Serrate,
two alternative ligands. When Notch is activated, the signal is transduced
through intracellular components, such as Sz (H) ( Drosophila counterpart
for RBPjk), down to the target genes, such as E(sp/) gene complex,
which contain basic helix-loop-helix (bHLH) domains and behave as
DNA-binding transcriptional repressors (reviewed in Davis and
Turner®*). Modulation by Fringe and processing by Presenilin are
essential for the proper activation of the Notch pathway.9>¢ In addition
to the nervous system, Notch and/or its ligands Delta and Serrate, are
expressed in a variety of different tissues, including somites, gut, testis,
epidermis, thymus, muscle, limb buds, kidney, lung, vasculature, spleen,
etc. At least four human disorders, including a T-cell acute lymphoblastic
leukemia/lymphoma, a late onset neurological disease (CADASIL), a
developmental genetic disease (Alagille syndrome) and a vertebral-
segmentation defect (spondylocostal dysostosis), are associated with
mutations in the NOTCHI, NOTCH3, JAGGEDI (Serrate homolog)
and DLL3 genes, respectively.®”~7!

The expression patterns suggest that Notch signaling is important for
somite formation. Injecting mRNA of a wild-type or a dominant negative
Delta construct, or of a Sz(H) homolog resulted in a similar abnormality
in the Xenopus somitogenesis’>’3 as well as in that of zebrafish.”4”> The
most decisive evidence is that mutations in many different Notch pathway
components from both mice and zebrafish lead to a similar somite
abnormality. All the knock-out mice where the components and
modulators of Delta-Notch signaling, such as Nozch1,7S RBP«x,”” DIl1,73
Presenilinl”® Lfng,3%8! Hes73%2 DII3%% are mutated and the spontaneous
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pudgy mice, which is caused by a small deletion in D//3 gene,3* exhibit
a common segmentation phenotype: irregular somite formation and
disrupted segment polarity. Most of the zebrafish somite mutants have
been shown to have a Notch component, including after eight (aei),
deadly seven (des) and mind bomb (mib), which encodes deltaD, notchla
and a novel E3 ligase endocytosing Delta, respectively.>8-3586 A zebrafish
mutant with a chromosome deletion covering serl and her7 also exhibits
a similar somite phenotype.%” In spite of the defects in somites, the basic
metameric somite pattern is nevertheless established in these mutants.
Interestingly, in all the mutants of Notch components, both from mouse
and zebrafish, the anterior somites are normal or mildly affected by these
mutations (see below). In addition, the human Alagille syndrome, an
autosomal dominant developmental disorder and spondylocostal dysostosis,
with both autosomal dominant and autosomal recessive modes of
inheritance reported, are caused by mutations in Notch ligands,
JAGGEDI®7° and DLL37' respectively. The most common skeletal
anomalies are due to a weaker segmentation defect, ‘butterfly’ vertebrae

or hemivertebrae, resulting from clefting abnormalities of the vertebral
bodies.

3.3. The Clockwork of the Segmentation Clock

Although recent progress has demonstrated the existence of a Notch-
dependent biochemical clock that drives somite segmentation, a
fundamental question is how the segmentation clock works. The nature
of an oscillator is a system that regularly swerves from and boomerangs
to equilibrium. Two major ways to make an oscillator:?4! (i) positive
feedback, a deviation-amplifying process, in which threshold is a
common phenomenon, e.g. Ca?* oscillations; and (ii) negative feedback
(autoinhibition), a deviation-counteracting process, which is necessary
but not sufficient for homeostasis, e.g. circadian rhythms. What is needed
to achieve autoinhibitory oscillation is a process whose product feeds
back to decrease the rate of the process itself (negative element) and
a delay in the enactment of the feedback. A further requirement for
sustaining a biological oscillation is a source of activation or excitation
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(positive element) that keeps the oscillator from damping out. A familiar
example of this type is a grandfather clock. While the angular
momentum moves the pendulum through and away from the still
position (equilibrium) toward one side to a greater height, the weight
of pendulum (negative element) generates a gradually (time delay)
increased potential energy until it becomes strong enough to counteract
the straying momentum and draws the pendulum back to equilibrium.
The same process repeats again toward the other side and then it
completes a cycle. The mainspring (positive element) is a crucial
component, consistently supplying energy to oppose friction and to
keep pendulum swaying.

Work done so far has highlighted four significant characters of the
segmentation clock: (i) autoinhibitory loops; (ii) two transcriptional
factors driving interconnected loops; (iii) dual function of Notch
signaling pathway; and (iv) post-translational regulations, and is
summarized in Fig. 1.

3.3.1. Autoinhibitory loops — the essence of the segmentation clock

The cycling expression of a putative transcriptional repressor, c-hairyl,
triggered the possibility that unstable components and negative feedback
regulation, found in circadian clock control mechanism, may be
responsible for its oscillation. The cycloheximide experiment on c-bairyl
cycling expression, however, argued against such a mechanism.!? Recent
data on Hesl gene, a c-hairy2 homolog, demonstrated that HesI gene
and its protein are actually cycling out-phasedly in cell culture and a
negative feedback regulation and protein degradation are indeed
responsible for mRNA and protein oscillation shown both in cell culture
and in embryos.8® The deficiency of mouse Hesl, however, did not
give rise to any detectable somite phenotypes.® Furthermore, the
segmentation clock remained functional in such mutants and cycling
Hesl expression is lost in DI/I deficient embryos,®® which suggests that
Hesl, a hairy-like gene, is a readout or output of the segmentation
clock, though genetic redundancy cannot be entirely ruled out at
present.
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Fig. 1 Summary of current knowledge in vertebrate segmentation clock of mouse (mainly)
and chick (a); and of zebrafish (mainly) and Xenopus (b). Numbered footnotes indicate
known activation (solid arrow line) or inhibition (solid blunt line); lettered footnotes
indicate known post-translational modifications. Ub, P and S stand for ubiquitylation (in
green circle), phosphorylation (in red circle) and glycosylation (in blue circle), respectively.
M, C, Z and X mean that results obtained from mouse, chick, zebrafish and Xenopus,
respectively. Two transcriptional factors, NICD and Hes/Her proteins, are highlighted
in reverse black-white background. Underlined items stand for those regulations not
yet shown to be related to somite segmentaion but probably would be; the rest in
green have been otherwise shown to be linked to somite segmentation. Dotted arrow
lines mean time delay due to transcription, translation, post-translational
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Difterent from hairy-like bHLH genes, E(sp/)-like bHLH genes (for
phylogeny, see Davis and Turner®*), including mouse Hes7 and zebrafish
herl and her7, are not only cycling in the PSM but they also play a
vital role in vertebrate somite segmentation: mutations in Hes/ and
herl/her7 or gene expression knockdown of herl and/or her7 cause
somite phenotypes seen in other mutants deficient in Notch
components.60:61.82.8587.90 Moreover, it has been shown that their
transcripts are negatively regulated by their proteins both in mouse
and zebrafish.00:82:85.90 This is very likely to be the biochemical basis
for the oscillation of segmentation clock (see below).

In mice and chicken, another essential target of Notch signaling is
the glycosyltransferase, Lfng, whose mRNA shows periodic oscillations
in the PSM.5152:55 Tt was observed that mis-expression of Notch
mtracellular domain (NICD) caused ectopic expression of Lfnyg.
Conversely, mis-expression of dnRBPJk abolished the oscillatory
expression of the chicken Lfng.°! These results are consistent with the
findings that RBPJk-binding sites are located in Lfng promoter and it
responds to Notch activation.”? Moreover, there was rapid turnover of
Lfng protein in the PSM, probably via ubiquitin-dependent protein
degradation (see below). The mis-expression of Lfng resulted in an

Fig. 1 Continued

modification, translocation and protein turnover; yellow tilde sign indicates the cycling
of transcripts or proteins. Hesl /7 and Herl /7 feedback loops (in blue) are mainly
responsible for intracellular oscillation; on the contrary, Lfng/Notch and DeltaC/Notch
loops (in red) can additionally couple the oscillations between neighboring cells. Wnt3a/
Axin2 loop (in gray) could, in theory, behave as an input signal to entrain the oscillation.
However, it needs to be investigated further. There are several feedback loops and post-
translational modifications in these two broad systems, which can be taken to formulate
an accessible and meaningful model either as a whole or partially (e.g. a
Hes-dependent oscillation only or plus a Lfng-dependent feedback loop) for a simple

two-celled coupled oscillator (see Lewis 193

, simple as it is but there are some interesting
findings and possible mechanistic ways beyond intuition), for a cluster of cells in 2-D
region, or even for a group of cells in 3-D space—a more realistic situation. 160828590
2547375101 391 4234235 597 63 760727585 88,90 195 (9% (65,104 86 Modified from

Fig. 3 of Rida e a/.25.
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inhibition of Notch signaling, destruction of cyclic gene expression and
irregular positioning of somite boundaries, indicating a pronounced
disruption of the segmentation clock in the chicken PSM. This result
demonstrated that Lfng can negatively regulate Notch signaling and
this feedback loop could potentially underlie the periodic inhibition of
Notch signaling during segmentation, at least in chicken.”!

3.3.2 Two transcription factors dvive interconnected loops
of segmentation clock

Many experiments have demonstrated that transcriptional feedback
regulation is an essential feature of Notch signaling. Among Notch
components, NICD and the Hairy/E(spl) proteins are the two key
transcription factors that constitute the prime driving force of the
segmentation clock and have the following features in common. First,
they both manifest that there is an intracellular cyclic Notch activation
(see above, though this has not been shown directly for NICD). Second,
they negatively modulate their own transcript levels directly or indirectly
(see below). Third, they are transient and likely degraded via the
ubiquitin-proteasome pathway.88:20.93-95.242" Eyrthermore, Notch is a
membrane-bound transcriptional factor, whose maturation and activation
are rigorously controlled within the Notch signaling pathway and by
other pathways as well.13:26-100

The NICD loop and the Hairy/E(spl) loop of the segmentation
clock are coupled. Compared to the Hairy/E(spl) loop, the NICD
loop is more intricate and the details may vary among species (see
below). Notch activation can induce expression of Hairy/E(spl)-related
genes, such as Hesl, Hes7, herl and ESR4, in a Su(H)/RBPjk-dependent
way.>+7375.101 Tt has been demonstrated that Herl and Her7 can repress
expression of deltaC and deltaD in zebrafish, although it is not yet
certain whether this repression is direct or indirect.%%-617585 Similar
results were found in Xenopus for ESR4 and ESR5.7? Therefore, Hairy/
E(spl) proteins are both effectors and upstream regulators (as repressors
of ligand expression) of the Notch signaling cascade, forming an auto-
inhibitory loop.
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3.3.3. Dual role of Notch signaling in somite segmentation

The c¢-hairyl oscillator and the Notch signaling pathway both seem to
be key parts of the somite-formation machinery. Somehow they must
be linked, and one of the big questions about somite formation is how
this linkage is implemented.!”?? In Cooke and Zeeman’s landmark
paper, they described this segmentation clock as “an oscillator, shared
by all the pre-somite cells, with respect to which they are an entrained
and closely phase-organized population, because of intercellular
communication”.*? In other words, the PSM cells are coupled oscillators.
We have proposed that Notch signaling is required for the
synchronization of the segmentation clock.?%-10%:103 However, the work
done by others®8:82:85.91
— the generation of periodic rhythms — in the segmentation clock.
Nevertheless, a reconciled view is emerging: Hairy/E(spl)-dependent
Delta/Notch signaling is the oscillator with dual functions — a clock
generator as well as a clock synchronizer.? Interestingly, the data for
arguing the role of Notch signaling in signal synchronization and
generation are mostly related to NICD and Hes/Her loops, respectively.

Lewis has demonstrated and discussed the effect of different wiring
103

argued for a more direct role of Notch signaling

within segmentation clock by mathematical modeling.

At least in zebrafish, it seems that Notch signaling pathway performs
both functions. This unique capacity of Notch signaling could be due
to its essential character as a module that allows cells to communicate
to each other and adjust their behavior accordingly. A perturbation of
one function would likely lead to a perturbation of the other to some
extent — an important trait of coupled oscillators. We are confined by
the degree to which these functions are genetically separable due to
technical limitations. Moreover, the circuitry that consists of the clock
mechanism may be wired dissimilarly in different organisms and
mutations could affect the two Notch-dependent functions to different
degrees (see below). Recent evidence from cell culture experiments has
shown that serum shock can induce oscillatory expression of Hesl in
several cell lines.8% Interestingly, similar periodic Hesl expression was
observed when the cells were mixed with Delta-expressing S2 cells.
This phenomenon once again indicates the possibility of dual function
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of Notch signaling — signal induction and/or signal synchronization
— among cells in culture.

3.3.4. Post-translational vegulation in Notch signaling and others

The first direct evidence for the involvement of a post-translational
regulation of Notch signaling in somite segmentation is the glycosylation
of Notch by Lfng.6>80.81.9L,104 This is then followed the characterization
of a somite mutant, mzb, which harbors a mutation in a gene that
encodes a RING E3 ligase.3%105 Though it has not yet been shown
to be responsible for the degradation of any Notch component, Mib
has been demonstrated to ubiquitylate Delta and result in its
endocytosis.8¢ There is indirect evidence suggesting a role for regulated
protein turnover in somite segmentation. First, Hesl and Hes7 proteins
have been shown to have a short iz vivo half-life due to ubiquitin-
proteasome-mediated degradation®¥?° and Hesl level oscillates every
two hours in cultured cells, matching the time for a somite to form
in mouse.?® Second, Lfng protein behaves likewise.”! Third, when it
coexists with Nrarp, NICD is short-lived.?*106

In consistency, other proteins have been shown to regulate Notch
signaling by post-translational regulation, although it is not clear whether
these modifications are genuinely indispensable for somite segmentation.
Sel-10, an F-box/WD-40 repeat protein, and Itch, a HECT domain-
containing mammalian Su(dx) homologue, can target NICD for
ubiquitin-dependent degradation.!?7-111 Additionally, Deltex, encoding
a RING-H, E3 ligase (Takeyama et al,''? and unpublished data) has
been shown to positively or negatively regulate Notch signaling. 13114
Similar to Mib, Neuralized also contains a RING domain and can
ubiquitylate Delta leading to its endocytosis.!1>117 Table 1 summarizes
the known ubiquitylation of Notch components.

Other forms of post-translational modification also exist. It has been
shown that only a specifically phosphorylated form of NICD interacts
with Sel-10.198:118 There is also evidence that the glycogen synthase
kinase-33 (GSK-3B) phosphorylates NICD and thereby protects it from
degradation by the proteasome.’® Hesl is phosphorylated on the bHLH
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Table 1 Ubiquitylation of Notch components.

E3 ligase positive /negative E3 domain substrate mechanism
Su(dx)? negative HECT NotchIC degradation
Sel-10° negative F-box, WD-40 NotchIC degradation
c-Cbl® negative RING NotchTM lysosomal deg.
LNXd positive RING Numb degradation
Siah-1¢ positive RING Numb degradation
Mdm2f positive RING Numb degradation
Deltexs positive /negative RING-H, NotchIC degradation
Neuralized" positive RING Delta endocytosis
Mib' positive RING Delta endocytosis

At least, nine ubiquitin E3 ligases have been found in regulating Notch activation.
ref. 109, 110, 236.

bref. 108, 118, 107.

‘ref. 237.

dref. 238.

cref. 239.

fref. 240.

gref. 112 and our unpublished data.

href. 115,116, 117.

iref. 86.

domain and this phosphorylation inhibits its transactivation function.!!?

It is also known that both Hairy and Hey proteins can form homo-
and heterodimers, raising the possibility of combinatorial action and
additional levels of regulation.’® It has been documented that bHLH
proteins can be regulated by short-lived HLH proteins of the Id family
in mammals!?%12! and Extramacrochaetae (Emc) in Drosophila.122-123
These HLH proteins bind to and titrate out the bHLH proteins and,
in effect, inhibit the DNA-binding ability of the latter.

Hes7 transcription as well as Hes7 mRNA have been demonstrated
to be cyclically activated and regulated, respectively,” suggesting an RNA
decay regulation on top of the Hes7 autoinhibition on Hes7 mRNA.8?
Consistently, it has been suggested that there is a specific degradation
signal for serl mRNA residing in the 5'UTR,%! which is different from
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that of Xenopus hairy2 gene, where the 3'UTR is essential for modulating
hairy2 RNA level.!?* These and other unidentified mechanisms may be
responsible for stabilizing the nexus of interactions around the core
segmentation clock machinery and for ensuring that the oscillations are
robust and resistant to perturbations. The resiliency, adaptability and fine-
tuning of the segmentation clock, therefore, could be attributed to
regulations of NICD and Hairy/E(spl) proteins at multiple levels.

4. Molecular Era — Gradients and Clock Output

Both a small amphibian embryo size-reduced at blastula and a haploid
embryo with cells half the volume of a diploid counterpart develop
with a species-typical somite number at corresponding stages compared
to a wild-type control.1?%126 These results suggest that there is a global
system of positional information, which regulates the completeness and
proportions of the body as a whole, acting to normalize the somite
number at the expense of somite size and cell number within a somite.
The early embryological manipulations done in amphibians have clearly
demonstrated that separation of an embryo into two parts right caudal
to formed somites will not perturb normal somite segmentation in the
posterior half of embryos.2® Furthermore, a quail node graft can induce
PSM tissue in the chicken host to develop a secondary axis with
segmented somites and the pattern of the somites depends on the
medial-lateral position of the quail node graft, which led the authors
to propose that there is a morphogen gradient originated from the
node.'?” What could the posterior signal(s) be? Will it (they) affect
somite segmentation? Though Wnt-3a, Fgfr-1 and Fgf8 have been
shown to express in the PSM and tail bud, early loss-of-function studies
suggested that they are essential for morphogenesis and mesoderm
specification but not somite segmentation,!28-131

4.1. FGF Signaling — A Gradient Positioning the Boundary

Dubrulle ez al. have shown that the expression of Egfrl in rostral PSM
and the graded expression of FEgf8 in caudal PSM including tail bud
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overlap in the somite-IV, the determination front, roughly where the
anterior determined region and posterior undetermined region abut.!32
When the Fgf signaling is compromised by drug treatment or Fgf8
protein level is ectopically increased by grafting Fgt8-soaked beads, the
somite size will become bigger or smaller, respectively.!32,133
Interestingly, the response of somite size change is not immediate but
with a time delay, while few new normal-looking somites form prior
to the appearance of size change.!3%133 This corresponds approximately
to the sensitivity zone of heat shock — where interactions between
wavefront (a timing gradient*? or prior wave3?) and oscillator take place
some hours before segmentation. In summary, a transient surge or sink
in Fgf signaling will lead to a somite size change in those PSM cells
located in the vicinity of determination front.

4.2. WNT Signaling — A Gradient Harmonizing Tail
Growth with Segmentation and, Therefore, the Cellular
Oscillator

Recently, Aulehla ez al. have demonstrated that a negative regulator of
the Wnt pathway, Axin2, is strongly expressed in the tail bud and has
a graded distribution in PSM. More excitingly, the authors found that
its expression level in PSM is indeed oscillating up and down, just as
c-hairyl or other cycling genes do — the first cycling gene uncovered
outside the Notch signaling pathway.®® Axin2 expression out-phases
Lfny transcript. While Axin2 is still cycling in DI//I deficient mutant,
the cycling expression of Lfng is abolished in a hypomorphic Wnt3a
mutant, which suggests that Notch signaling acts downstream of Wnt
signaling. Indeed, there is no lack of biochemical linkages between
these two signaling pathways in addition to the one through Dishevelled
binding to Notch.?”~? Similar to Fgf signaling, an increase or decrease
on Wnt signaling will result in smaller or bigger somites, respectively.®?

Egf8 is highly down-regulated in hypomorphic Wnt3a mutants,®3
which manifests that Egf8 is controlled by Wnt3a. The phenotypes of
null mutants for Egf8, Egfrl and Wnt3a, however, do not suggest a
similar regulation for anterior somites, since Wznt3a null mutants are
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able to form anterior somites, while Egf8 and Egfrl mutants have
a reduced mesoderm and do not form any somites.!28-13! Interestingly,
mutants lacking of Fgfrla isoform can still form anterior somites.!34
This observation suggests that other signaling pathway and /or regulation
may involve and interplay with Egf8 and Wnt3a to establish a proper
gradient for patterning anterior somites during gastrulation.

The work on Fgf8 and Wnt3a signaling also signify a less-noticed
feature of vertebrate segmentation: the growth of tail bud. Only a
small portion of PSM is laid down during gastrulation, maybe 10-20
somites, depending on species; the rest is derived from the tail bud
when the embryo grows. Therefore, the coordination between somite
segmentation and tail outgrowth is essential for proper reiterated pattern.
Consistent with this view, Notch and Xwnt3a have been shown to be
vital for Xenopus tail outgrowth.!3

4.3. Hox Genes are Clock-Controlled

Vertebrate Hox genes are essential for organizing structures from head
to tail for many tissues, including somitic derivatives, which become
regionalized into different morphological domains later, such as cervical,
thoracic, lumbar and sacral regions.'3¢ They are located in the genome
as clusters in a constitutively repressed state and activated sequentially
by the order of the genes along the clusters.!3” While genes located
at the 3' end are activated early on and thus they function in anterior
structures, genes located near 5' end are activated later and hence
operate in more posterior structures. This correlation is known as
colinearity.!38 It is conceivable that there are mechanisms ensuring tight
coordination between serial segment production and progressive
anteroposterior (AP) identification.

Zakany et al. have shown that, indeed, there is a connection between
sequential somites and AP patterning.!3® After re-examination of the
expression pattern of Hoxdl and Hoxd3, they found that they display
a temporally cyclic expression in the PSM, which is controlled
transcriptionally. Interestingly, this dynamic expression of Hox genes is
abolished in RBPjk mutants and HoxD null mice do not have
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segmentation phenotypes, which indicate that Hox genes are very likely
to be transcriptionally regulated by the segmentation clock to achieve
the temporal pace of body axis specification, though the regulatory
clement has not been identified.!® It has been also demonstrated that
Hox gene expression is not dictated by the absolute AP axial position
but rather a spatiotemporal activation by the segmentation clock.!3?

The results not only signify the coordination between somite
segmentation and AP axis specification but also probably the way how
an oscillator impinge a temporal pace on its target genes: one or several
clock-regulated enhancers govern the expression of a vital region of the
chromatin. The latter point is echoed by recent studies done in circadian
clock, where many Drosophila circadian clock or clock-controlled genes
are found to be clustered and the promoter regions of mouse circadian
clock genes exhibit periodicity in H3 acetylation and RNA polymerase

II binding that corresponds synchronously to mRNA rhythms. 140141

5. Molecular Era — Compartmentation, Notch
Signaling and Others

After maturation, somites can be further subdivided into rostral and
caudal compartments, which exhibit different properties with respect
to neural crest cell and motorneuron axon migration.? This subdivision
also provides a scaffold for the future vertebrae, which are formed by
a process, called resegmentation — the fusion of the caudal part of
anterior somite with the rostral part of the posterior one.'*? While
dorsoventral and mediolateral somite patterning occur after
segmentation, the determination of rostral and caudal compartments
in the somites occurs before and during segmentation at the level of
the PSM.> Acquisition of these rostral and caudal identities by anterior
PSM cells is seen by the striped expression of several genes, which are
later expressed either in the rostral or caudal compartments of the
formed somites. Embryological experiments in chicken and analysis of
zebrafish somite mutants show that establishment of RC polarity is
required for formation and maintenance of the somite boundary —
presumably as a result of different cell surface properties of rostral and
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caudal somitic cells.*%-143 Notch signaling is essential, working together
with other genes such as Mesp, Papc, and Foxc, for establishing and
maintaining somite boundaries by setting up differences between rostral
and caudal halves of somites (reviewed in Saga and Takeda,?? and Holley
and Takedal#*). All the important developmental mechanisms in
vertebrate somitogenesis are summarized in Fig. 2.

5.1. Gene Expression Patterns — Transition to Fixed Fates

Many genes are expressed in the anterior PSM of vertebrates in domains
that have appropriate positions to represent nascent rostral- or caudal-
half of somites. In mouse, Mesp2, DII3, FGFR1, Cerl and EphA4 are
expressed in the rostral halves of somites, while Hesl, Jaggedl, Lfng,
DIll, eplrinB2 and Uncx4.1 in the caudal halves.>145-15% In chicken,
Lfng, EphA4 and c-hairy2 are expressed in the rostral halves, while C-
Delta-1, ephrinB2, c-hairyl, c-Heyl, c-Hey2 and cMeso2 (a Mesp
homologue) in the caudal halves.!22953:5556,155-157 Ty zebrafish, notcho,
deltaD, fufrl, pape, ephA4, lfng, mesp-a and mesp-b are expressed in rostral
parts of nascent somites, whereas notch5, deltaC, myoD and ephrinB2 in
caudal parts.5”-158-163 In Xenopus, X-Delta-2, ESR-4/-5, PAPC, Thylacinel
(a Mesp homologue) are expressed in the rostral half segments, whereas
Huniry2A is expressed in the caudal half segments.”?.73,164,165

5.2. Boundary Formation and Rostrocaudal Patterning
5.2.1. Ling

It has been suspected that Notch signaling is involved in somite
boundary formation for some time but there is no direct evidence to
support this idea due to the early activity of Notch signaling in
segmentation. Sato et al. have nicely shown in the chicken system that
somite boundaries form via a Lfng- and Notch-dependent induction
from posterior border cells located at B-1 (for the border between SO
and S-1, see Pourquié¢ and Tam!¢%).167 The authors first demonstrated
that the cells posterior to B-1 can induce boundary formation by elegant
transplanation. While no ectopic boundaries formed when cells at the
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Fig. 2 Schematized presentation of the somitogenesis of an imaginary animal, mouchickish
(= mouse + chicken + zebrafish). This figure is a summary of the known developmental
mechanisms of somitogenesis gathering from mouse (gene names in purple), chicken (gene
names in orange) and zebrafish (gene names in gray). Some homologs behave similarly,
see footnotes for details. Red solid and dotted arrow lines mean gene activation; blue blunt
lines mean gene repression; olive dotted lines mean morphological changes and green arrow
lines depict possible interactions. The PSM can be further divided into two regions: region
I, where high level of Fgf signal maintains mesenchymal cells in the PSM in an immature
state and, through Notch signaling, the oscillation in each cell might be translated into
periodic expression of cycling genes; and region II, where Fgf signaling reduces, the
segmentation clock slows down and the PSM cells become mature until they complete the
transition and end up with the epithelial somites?®. Blue and light blue outlines represent
mesenchymal cells in immature and maturing status, respectively. Refer to Fig. 1. for the
detail of the segmentation clock. R and C mean rostral and caudal halves of the formed
somite, respectively. SO is the forming somite and SI is the newly segmented somite (see
Pourquié and Tam'%%). M, C and Z mean that results obtained from mouse, chicken and
zebrafish, respectively. 1135133 263 3173175 4184 5177 6167 7160,161,188,189 170,171,243 9228,
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level of 1.5 or —2.5 from non-electroporated donor were transplanted
to the level of —1.5 in host, an ectopic interface did occur when a
Ling-electroporated donor has been used. NICD-electroporated donor
had the same effect.!9” This clearly demonstrates that a Lfng- and
Notch-mediated induction is required for boundary formation.
Interestingly, if the cells are from NICD-electroporated donor at the
level of —4.5, no morphological effects can be seen, suggesting the
more posterior PSM has not reached maturation, which requires Mesp,
Pape and other genes (see below).

5.2.2. Mesp

Analysis of Mesp gene expression in embryos with disrupted Notch
signaling strongly suggests a link between Notch signaling and the
establishment of rostral somite identity. mesp-a and mesp-b, zebrafish
homologues of murine MesPI and MesP2, are expressed in narrow stripes
corresponding to the rostral half of anterior nascent somites.*%>” Ectopic
expression of mesp-b leads to an expansion of rostral somite compartment
at the expense of caudal somite part, giving a slab of tissue where no
boundaries form.>” A similar result is observed when Mesp genes are
mis-expressed in mouse, chicken and Xenopus. 14316518169 Tn pe; / delta D
mutant embryos, PSM mesp-a expression is lost, and mesp-b expression,
though weak, loses its striped appearance. These findings suggest that
expression of mesp genes and establishment of rostral somite identity are
downstream to Notch-signaling in zebrafish.>” In mouse, Mesp2 is thought
to establish RC somite identity by controlling Presenilinl-dependent and
-independent Notch signaling pathways which induce DI//1 expression in
the caudal domains of nascent somites and suppress DI/l expression
in the rostral counterparts, respectively.!’? The rostral restriction of Mesp2
transcription fail to occur in Presenilinl deficient embryos, suggesting
that Notch signaling is responsible for reducing Mesp2 transcription in
the caudal halves.!”! The lack of the initial segment border and the loss
of rostral properties of the somite result in the formation of a caudalized
145 Tn smesp-b knock-in mice, the RC polarity was disrupted,
as shown by expression of Uncx4.1 and DI/I; in contrast, the expression
of EphA4, Lunatic fringe and Pape, thought to be involved in segment

vertebrae.



316  Jiang 1]

border formation, was fairly normal in hypomorphic mutant embryos.!”?
These results suggest that the Mesp family of transcription factors are
involved in both segment border formation and establishment of RC
polarity through different genetic cascades.

5.2.3. Foxc

Members of the forkhead/winged helix family of transcription factors
have also been implicated in somite formation in both zebrafish and
mouse. Foxcl and Foxc2 in mouse and foxcla and foxclb in zebrafish,
are expressed in the PSM and nascent somites during segmentation.!”3:174
Inactivation of both Foxcl and Foxc2 in mouse or of foxcla alone in
zebrafish leads to a disruption of RC somite identity and failure in forming
an epithelial somite.!73175 In zebrafish embryos void of Foxcla protein
by morpholino knockdown, herl and deltaC stripes are still cycling as
in wild-type embryos. Thus, neither the operation of the clock nor the
rate of progression of the wavefront is affected. However, the anterior
PSM is affected, as mesp-a, ephA4 and ephrinB2 are no longer expressed.
Moreover, expression of deltaC and deltaD is not maintained in formed
somites. Thus, Foxcla seems to be required for stabilizing RC somite
identity and boundary formation. Expression of notch5 and notch6 is also
severely reduced in embryos lacking Foxcla, suggesting a pathway by
which Foxcla may regulate RC somite identity. Similarly, analysis of mouse
double homozygotes shows that Foxcl and Foxc2 are both required for
transcription in the anterior presomitic mesoderm of paraxis, Mespl,
Mesp2, Hes5 and Notchl, and for the formation of sharp boundaries of
DI, Lfng and ephrinB2 expression, suggesting that these two genes
interact with the Notch signaling pathway and are required for the
prepatterning of rostral and caudal domains in the presumptive somites
through a putative Notch/Delta/Mesp regulatory loop.!”3

5.2.4. fss and T-box gene

The zebrafish fused somites (fss) mutant shows a complete lack of somite
boundaries along the entire body axis even though the cycling gene
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expression is normal in the posterior PSM.?85%176 The fis mutant is
therefore instrumental in showing that the process of somite boundary
formation can be uncoupled from prepattern implemented via a Notch-
dependent segmentation clock. The fis gene, which encodes a T-box
protein Tbx24, is expressed in maturing cells in the intermediate to
anterior PSM.!”7 Tbx24 is required to stabilize the pattern of oscillating
gene expression in the anterior PSM and is also essential for the
expression of genes such as mesp and pape in the anterior PSM.?7%
Genetic analyses of zebrafish somite mutants have shown that the Fss
and Notch pathways are functionally distinct and perhaps independent
of each other.?%> Transcriptional regulation of #bx24 is also independent
of the Notch pathway.!”” Additionally, it is well documented that Fgf
signaling can activate T-box genes and the T-box proteins can interplay
among themselves.!”17? Since Activin can activate and suppress Xenopus
Brachynry promoter at low and high concentration, respectively,!”8 it
will be particularly intriguing to examine the regulation of fss/tbx24
in the anterior PSM, where the concentration of Fgf8 is low.

The murine Tbx6 has been shown to be essential for the formation
of posterior somites.!8" Interestingly, Thx6 genetically interacts with D//I,
whose gene expression is completely lost in 70x6 null mice and restored
in Tg46 rescued embryos, suggesting that D//1 could be a target of
Tbx6.189-182 DJI3 expression in Thx6 mutants is indistinguishable from
wild-type, indicating that this is not a simple reduction in expression of
all PSM-specific genes in these mutant embryos.!3? Consistent with this,
no genetic interaction between DII3 and rib-vertebrae (v, a weak Thx6
allele) was detected.!¥! D//1 is required for proper RC patterning of the
somites and for epithelialization of the somites.”® In D//I-null mutants,
somites appear to be rostralized,'83 in contrast to their caudalization in
embryos with reduced levels of Thx6.'32 A complete explanation awaits
the identification of additional Tbx6 targets.

5.3. Epithelialization and Cell Adhesion

Striped gene expression occurs in mouse and chicken PSM explants lacking
ectoderm and cultured iz vitro, indicating that establishment of this
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segmental pattern is an intrinsic property of the PSM. In these explants,
boundary formation and epithelialization do not occur, indicating that
these morphological processes require a signal derived from the ectoderm
and can be uncoupled from the genetic determination of the anterior
and posterior compartments.??3%184185 Moreover, intercellular signaling
through cell-matrix and cell—cell interactions is one of the key processes
that underlie the final events of somitogenesis. There is clear evidence
for the importance of local adhesive interactions, which comprise cell-
matrix (Fibronectin and Integrin) and cell—cell interactions (Cadherin),
during epithelialization and somite formation.®!3¢ The connection
between periodic Notch signaling activity and these intercellular
interactions, however, is not yet clear.

5.3.1. Papc

Papc is a very potent homotypic cell adhesion molecule.'¥” Xenopus
PAPC may link the process of RC patterning of segments with the
generation of AP boundaries required for segmental morphogenesis
(for more on adhesive differences, see Kim et al138) X-Delta-2, Thylacine
and ESR-5 are segmentally expressed one somitomere advanced that
of PAPC.'88 Cycloheximide treatment disrupted segmental expression
of X-Delta-2, Thylacine and ESR-5 in somitomere 1 after one hour,
as compared to two hours for PAPC!'8: segmental PAPC expression
is likely to be a downstream consequence of these patterning events
that establish segmental identity within the PSM. These results suggest
the model in which segmental identity is established by a mechanism
that produces a segmental expression of the selector gene, Thylacine
(a Mesp homolog), in somitomere 1, which then establishes the
segmental expression of PAPC in somitomere 2.'88 The same scenario
is likely to apply to zebrafish embryos, where the papce is expressed in
rostral half segments in a pattern that overlaps with, but is downstream
of, the segmental expression of mesp.>”>1%0 Moreover, ectopic expression
of mesp-b in zebrafish embryos induces ectopic expression of papc.>”
In mice, Mesp2 transcription precedes Papc transcription in S-I and
when applied a soluble form of dominant-negative Papc, the treated
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embryos showed a somite epithelialization phenotype similar to those
seen in Mesp2-/- and Lfng-/- mutants.'3” Thus, regulation of segmental
expression of Papc by the Mesp proteins may be an evolutionarily
conserved mechanism for linking segmental identity to segmental
differences in cell adhesion. Redundancy of Papc function might explain
why somitogenesis occurs normally in mice with a targeted inactivation
of a mouse Papc homolog.'??

5.3.2. Paraxis and epithelialization

Paraxis is a bHLH transcription factor that is expressed in the anterior
PSM and newly formed somites. As somite matures, paraxis expression
becomes restricted to the dermomyotome in mouse and chicken.!?1-193
The importance of Paraxis during the process of epithelialization was
revealed through the analysis of paraxis deficient mice that fail to form
epithelial somites.!3* The mutant embryos exhibit a normal segmented
pattern of paraxial mesoderm derivatives, such as axial skeleton, skeletal
muscle and dermis. The implication of Paraxis in somite formation is
corroborated by experiments using antisense oligonucleotide treatment
against paraxis mRNA in chicken embryos, which also inhibited normal
somite epithelialization.!? These results clearly indicate that Paraxis
function is required for the formation of epithelial somites and the
process of epithelialization can be uncoupled from the processes of
metamerism. However, it has since been reported that isolated chicken
PSM is able to maintain paraxis expression after four hours of
incubation, though the explants form no somite borders,?® suggesting
that Paraxis may be a necessary but not a sufficient component in the
generation of somitic boundaries. Interestingly, paraxis expression seems
to be affected when Eph or Notch signaling is compromized. Disruption
of Eph signaling in zebrafish affects the normal down-regulation of the
zebrafish paraxis homologue, parl, in the rostral halves of somites.!¢!
In principle, it is possible that parl down-regulation is a direct effect
of Eph signaling. Moreover, the expression of paraxis is reduced in
DIII mutant mice,’® raising the possibility that normal paraxis expression
is controlled by Notch signaling.
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5.3.3. Eph signaling

The Eph receptor tyrosine kinases and their transmembrane ligands,
the ephrins, are a large family of surface molecules, which together
mediate a bi-directional cell-cell signaling,!**1%6 involved in several
developmental processes, such as boundary formation, cell migration,
axon guidance, synaptogenesis and angiogenesis/vasculogenesis
(reviewed in Holder and Klein,'*” and Wilkinson!*®) Some of the
receptors and ligands are expressed in the anterior PSM and in the
somites of a number of vertebrates. In particular, the specific PSM
expression profile of the ephrinB2 ligand and the EphA4 receptor
in the PSM is conserved among chicken, mouse and
zebrafish,149:153,161,199.200 Experiments done in zebrafish show that
blockage of Eph signaling results in abnormal somite boundary
formation, though the RC polarity within the somites is not affected.
Furthermore, this disruption of Eph signaling in zebrafish affects the
modulation and normal down-regulation of deltaD and herl in the
anterior PSM.10! Interestingly, expression of EphA4 and ephrinB2 is
severely down-regulated in several Notch pathway null mutant mice,
such as DI//1 and RBPJk, suggesting the existence of another feedback
loop between Eph and Notch signaling pathways.!83-291 However,
EphA4 and ephrinB2 null mice exhibit no somite abnormalities,?02-203
which may be due to genetic redundancy of other Eph and ephrin
homologs.

Given that Eph signaling regulates cytoskeletal organization and
adhesion in a number of iz vitro systems,'® the striped expression of
EphA4 and ephrinB2 in the anterior PSM suggests that these molecules
mediate changes in cell adhesion and cell shape associated with boundary
formation. Morphological observations of boundary formation in
zebrafish are consistent with this hypothesis?04295:
furrow formation first appears as local de-adhesions in the PSM along
the line of the nascent boundary accompanied by a mesenchymal-to-
epithelial transition that spreads laterally. The site and timing of this

de-adhesion correlates with EphA4 and ephrinB2 expression, and loss
161

zebrafish somite

of Eph signaling results in loss of somite boundary formation.
Similarly, it has been shown in chicken embryos via i vivo time-lapse
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microscopy that it takes a series of repeatable steps for an embryo to
sculpt a furrow between somites.?’® While the somite border cells exhibit
ball-and-socket separation, the straight-line expression of EphA4 remains
unchanged, suggesting a rapid change of EphA4 expression in the cells
moving across the presumptive somite boundary. Though the mechanism
of plasticity of gene expression is unclear, it is reminiscent of that
sharpening rhombomere boundaries.??”

Analysis of zebrafish embryos of double mutant for knypek and
trilobite shows that somite boundary formation occurs in the absence
of any central mesenchymal cells.?%®> Thus, the force that drives boundary
formation must come from interactions among border cells themselves,
not from an increase in compaction of central cells as proposed in
chicken.?%® Moreover, transplantation of EphA4-expressing cells into
the PSM of fss mutant, which express ephrinB2 evenly instead in caudal
halves, is sufficient to induce a furrow between transplanted and host
cells.*® In the mouse, reduced Mesp activity leaves the expression pattern
of EphA4 unaffected and the initial somitic segregation normal, but
soon somites fuse again.!”? These results imply that Eph signaling is
necessary and sufficient for intersomitic furrow formation but not for
its maintenance. The similar expression patterns of EphA4 and ephrinB2
in mouse, chicken and zebrafish suggest that such a role for Eph
signaling in somite formation may be conserved.!61,209

5.3.4. Fibronectin and Integrin

Fibronectin is an adhesion molecule that interacts with its cell surface
receptor, Integrin, to mediate cell-extracellular matrix adhesions.?10-213
As evidenced by the phenotype of the null mutant mice, the functions
of both Fibronectin and Integrin proteins are required during
somitogenesis. The Fibronectin deficient embryos die at 8.5 days post
coitus (dpc) and their phenotypes suggest that there is a quantitative
deficit in mesoderm formation, as manifested by the lack of notochord
and somites.?!13214 A less severe phenotype is observed in the a5-Integrin
deficient embryos, which fail to produce epithelial somites even if the

paraxial mesoderm shows segmented blocks of mesenchymal cells.?!?
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This milder phenotype for the null mutant of a5-Integrin compared
to that of Fibronectin could be due to functional redundancy provided
by another Fibronectin receptor expressed in the PSM, such as a
different homolog of the Integrin family.

5.3.5. Cadherins

Likewise, there is also evidence that Cadherins play a role in modulating
cell-cell adhesion during the course of somite formation.208.216
Cadherins are the central components of major sites of cell-cell adhesion,
the adherens junctions. They cluster on the cell surface and bind to
Cadherins on adjacent cells through a Ca?*-dependent homotypic
interaction. The cytoplasmic domain interacts with B-Catenin, which
anchors the Cadherins to F-actin and the cytoskeleton. B-Catenin is
also an integral component of the Wnt signal transduction pathway,
raising the possibility that Cadherins are able to modulate gene
expression.?17-218 During mesenchymal-to-epithelial transitions, adherens
junctions are redistributed to the apical and lateral cell membranes.
Within chicken somitic mesoderm, the redistribution of adherens
junctions, as determined by localization of 3-Catenin, occurs just prior
to visualization of somite boundaries and has been proposed to be
important for boundary formation.??® N-cadherin is the primary
Cadherin associated with somitogenesis and is expressed in the anterior
PSM and epithelial somites. Cadherin mutants have somite abnormalities,
both for N-cadberin single mutant and more severe in double one of
N-cadherin and Cadherinll.219220 This phenotype resembles those
observed after anti-N-cadherin antibody treatment in chicken
embryos,2%® implying that Cadherin-mediated cell-cell adhesion is
required to maintain the epithelial somite by keeping rostral- and caudal-
halt cohesive. Zebrafish N-cadherin mutants also show a similar
phenotype, though it was not analyzed in detail.??! Furthermore,
application of RGD peptides that contain the minimal specific adhesion
recognition signal of Fibronectin stimulates N-cadherin synthesis during
somitogenesis.2’® This result implies that N-cadherin mediated cell—cell
events are coordinated with Fibronectin-associated cell-substratum
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adhesion. It is also intriguing to indicate that isolated chicken PSM

explants treated with RGD peptides are able to segment and make

211 gimilar to what is observed when the PSM is cultured

29,30

somites,
together with overlying ectoderm in chicken and mouse.
Interestingly, E-cadherin-mediated cell-cell adhesion has been shown

to regulate expression of Eph receptors and ephrin ligands.???

6. Differences among Vertebrates

Despite the similarities of somitogenesis, e.g. Notch signaling as the
core of the segmentation clock and the role of Eph signaling in somite
boundary formation, the details are not all alike among mammals, birds,
amphibians and fish, which exist at least in three aspects: morphology;
gene expression pattern; and transcriptional regulation. Xenopus somite
segmentation is very different from those of mouse, chicken and
zebrafish: when a group of myotomal cells mature and become somites,
they will segregate, rotate ninety degrees and orient parallel to the AP
axis.!?¢ Even more, within amphibians the somite development varies
(reviewed by Keller?!). There are variations in respect of somite furrow
formation: in chicken, the posterior border cells ephithelialize first and
gradually extend to medial then anterior ones (See Sato et al.'%”; Fig. 1);
in zebrafish, the border cells of adjacent somites become ephithelialized
simultaneously (See Jiang et al>; Supp. Fig.).

As for gene expression patterns: Mesp is expressed in rostral halves
of somites in mouse (Mesp2) and zebrafish (mesp-a) but in caudal halves
in chicken (cMes02)>7145157; [ fing is expressed in rostral halves of somites
in chicken and zebrafish but in caudal counterparts in mice®>151,162;
mouse Jaggedl is expressed in a thin stripe of cells in the forming
somite boundary, a feature not observed in chicken homolog,
C-Serrate-1°23 224; and Pax2 is segmentally regulated during chicken
somitogenesis but not expressed in mouse PSM.?2°

The transcriptional regulation of Hes7 and its zebrafish homolog, herl,%*
seems to be conserved: a 0.9-kb Hes” promoter, which consists of a pair
of putative RBPJk binding sites, two E-boxes and one N-box — target
sequences for Hes7 protein, and the sequence between 2.3 and 8.6 kb
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upstream of the herl transcriptional start can regulate their cyclic
expression.>*01.90 Coexpression of NICD and Hes7 can up-regulate and
down-regulate Hes7 promoter activity, respectively.>*?° Furthermore, Hes7
can override the Notch-induced transcription from the Hes7 promoter.””

While the expression of chicken and mouse Lfng has been shown
to oscillate during somite formation, Xenopus and zebrafish counterparts
do not cycle in the posterior PSM.51,52,55,162,226,227 A conserved 2.3 kb
region in the promoter of the mouse Lfng, which includes cis-acting
elements for both enhancing and repressing factors, governs the cyclic
expression in PSM cells. Moreover, Notch signaling acts directly via
RBPJk-binding sites to activate Lfing expression.”? Mutation or deletion
of E-boxes in the A/2 region of Lfng promoter (region A in ref. 92,
region 2 in ref. 228) has been shown to eliminate Lfng periodic
expression in posterior PSM, suggesting a direct regulation by the
cyclically expressed Hes proteins.”® Interestingly, in such transgenic
mutants, Lfnyg is still expressed in anterior PSM and formed somites
in a manner similar to that of zebrafish counterpart.®?227 This
observation implies that the A/2 region is responsible for Lfng cycling
in posterior PSM, whereas the rest of 2.3 kb region could be an ancestral
promoter shared by all vertebrates that controls the expression of Lfngy
in anterior PSM and formed somites.

On the other hand, zebrafish deltaC is cycling in posterior PSM,
whereas chicken Deltal and mouse DI/ are non-cyclically expressed in
PSM.295%78 Though not cyclically expressed, X-Delta-2 has been shown
to be dynamically expressed within the PSM and mediates somite
segmentation, reminiscent of zebrafish deltaC and deltaD.”? Furthermore,
mouse DI//I and its closest homolog, zebrafish deltaD are expressed in
the posterior parts and in the anterior parts of somites, respectively. The
promoter analysis of zebrafish deltaC is not yet available, but the analyses
done in mouse DI/l and zebrafish deltaD have shown that their
mesodermal elements are more divergent than neural elements during

evolution,?29-230

suggesting that the corresponding transcription factors
and hence the regulatory circuit are dissimilar as well.
The difference in the expression dynamics of Fringe and Delta genes

among species suggests a different wiring for NICD regulation. In chicken
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and likely in mouse as well, this loop is more “intrinsic”, since the feedback
loop can occur in individual cells with minimal interactions with their
neighbors. In zebrafish, the NICD loop, if not entirely “extrinsic”, exploits
mutual interactions to certain degree. In other words, the coupling strength
between individual PSM oscillators is stronger in zebrafish than that in
amniotes. This may explain the observed differences in expression patterns
of key genes among species. The finding that mouse Axin2 is cycling
suggests another possible mechanism in the entrainment of individual PSM
oscillators, probably from Wnt3a (extrinsic factor) through Dishevelled
(intrinsic factor), which then binds and antagonizes Notch.?” It would be
intriguing to know whether Wnt signaling plays an indispensable role in
zebrafish somite segmentation. However, pipetail (ppt) mutants, which is
devoid of functional Wnt5, show no obvious segmentation phenotypes
except defective tail outgrowth.?3!

7. Perspectives

Notch signaling is involved in several steps in somitogenesis: generation,/
synchronization of oscillation in the posterior PSM; suppression and
activation of Delta expression in the presumptive rostral halt and caudal
half of the somite primordia in the anterior PSM; and re-shaping the
Mesp2 expression domain. One challenge will be to identify molecules
that modulate the Notch signaling pathway to distinguish among these
Notch activities. Furthermore, it would be necessary to identify genes
that lie immediately downstream of the segmentation clock (clock
outputs) and to study their expression patterns and functions to
understand the interface between dynamic gene expression, cellular
differentiation and morphogenesis at the organismal level.

Latest progress in in vitro studies can provide valuable insights into
the mechanisms underlying gene oscillation, as it has been done for
Hes1,88 but final conclusions could only be achieved with the
establishment of iz vivo reporter transgenic lines. Another interesting
question is whether segmentation clock is cell-autonomous. Although
indirect observations coming from zebrafish and mouse®® 88 support
cell autonomy, direct evidence is still missing.
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The role of Fgt8 and Wnt3a gradients in somite segmentation are
not yet clear. These gradients could solely be an input signal to entrain
the segmentation clock. Alternatively, Fgf8 and Wnt3a may biochemically
interact with Notch signaling to maintain the tempo and coherence of
somite formation. The Axin2 knock-out mouse should be able to answer
this question to some extent.

Promoter analysis of cycling genes in different species will provide
valuable insight into transcriptional regulation underlying the
segmentation clock. It can answer the question of the differences in
circuit wiring among different vertebrates. It can also help understand
the differences between clock output and clock component, for example,
whether Hesl (a hairy homolog) and Hes7 (an E(sp/) homolog) are
an output and a component, respectively, and whether Hey-2
(¢-Hey-2) has similar transcriptional regulation as Hesl.

We still owe a mechanistic explanation to heat-shock experiments,
particularly with the current knowledge of segmentation clock. Both
experimental and theoretical analyses shall shed light on its mechanism.
The evidence from the effect of treating chicken embryos with cell-
cycle inhibitors and other observations suggest a connection between
the cell-cycle control machinery and the segmentation clock.3?-232 The
nature of this link, however, remains to be elucidated — the work
done by Zakany et al. might bridge the gap.!3®

The nexus of interactions that surrounds the basic segmentation clock
is indeed multiplex and complex. Dissecting this gamut of pathways in
order to go beyond simple feedback loops into the realm of molecular
networks of astonishing complexity poses a considerable challenge. Intuition
is a poor guide for understanding coupled oscillators — the nature of the
segmentation clock, whose dynamics can be very complicated in the real
embryos (e.g. see Lewis,!% and Monk?33). Mathematical modeling is well
known in making assumptions explicit, compressing information, clarifying
essential features of system, describing dynamical processes, handling
complexity, allowing predictions and uncovering general principles. For
such a dynamic and complicated system, mathematical modeling and
simulation will definitely complement the experimental methods and
facilitate the progress in understanding the clockwork, the perturbation
consequences and the evolutionary constraints of the segmentation clock.
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