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Abstract

Coordinating the generation of myriad cell types within the
developing nervous system is an exquisite and intensely studied puzzle. The entire
vertebrate peripheral nervous system derives from two multipotential cell types in
the embryo: neural crest and placodes. Neurogenic placodes are focal ectodermal
thickenings present in stereotypic positions in the head. Their derivatives are
responsible for much of our sensory perceptions in the craniofacial region. The
olfactory placode which gives rise to the olfactory epithelium mediates our sense of
smell. Its derivatives include the regenerating olfactory sensory neurons,
gonadotropin releasing hormone neurons, olfactory ensheathing glial cells and the
basal and supporting cells. While we have some clues to the molecular mechanisms
driving its differentiation into the various cell types mentioned above, little is
known about the source and induction of the olfactory placode precursor cells in the
early embryo.

To trace definitively the origin of the olfactory placode precursor cells, we
generated a fate-map and compared it with patterns of gene expression in the region
of the chick olfactory placode. To this end, small populations of cells in Hamburger-
Hamilton (HH) stage 6 to stage 10 chick embryos were labeled with Dil and DiO and
their derivatives were analyzed two days later. At head-fold stages, olfactory
placode precursor cells are spread out over a broad domain and intermingle with
lens, epidermal and neural precursors. As the neural folds close, the precursors
appear to converge anteriorly within the ectoderm. The lens and nasal precursors
sort out from each other around HH stage 8, at which time, Pax-6 is differentially

upregulated in the region fated to form the lens while Dix-5 expression is enhanced



in the anterior area where the nasal precursors accumulate. To further study the cell
movements that lead to the eventual formation of the olfactory placode, I performed
confocal time-lapse analysis. The cell rearrangements that I observed are consistent
with two possible outcomes: 1.specified lens and nasal precursors have differential
adhesive properties and hence sort out or 2.unspecified placodal precursors
differentiate according to the environment in which they are positioned by
stochastic movements. To distinguish between these possibilities and to clarify
whether the precursors are multipotent before they segregate, I have undertaken
single cell lineage analysis. Surprisingly, I find no evidence for a shared olfactory
and lens placode lineage from single precursors even at early neurula stages, prior
to their sorting out from each other in order to contribute to one or the other
placode. This raises an interesting question: does the fate of these cells motivate their
migration to a certain region of the embryo?

In the next part of my thesis, I have sought to answer a fundamental question
in developmental biology, which is how are organs generated in precise and
reproducible locations within the body. I have attempted to answer this question in
the context of the olfactory sensory system. To understand how and when the nasal
structure is first induced, I decided to delineate the tissue that is competent to form
the olfactory placode and to determine the spatiotemporal localization of the
inducing signals. In general, either one of these two parameters is strictly delimited
such that the induced structure arises only in a distinct position. In order to define
the extent of competence within the ectoderm to form the nasal placode, I have
grafted quail ectoderm from different axial levels to the chick anterior neural fold at

stage 8. Cranial and trunk level ectoderm are capable of responding to the inducing
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signals; they express PAX6 and subsequently form the olfactory placode. However,
hindbrain and trunk level ectoderm lose this competence rapidly; by stage 10 neither
tissue can express PAX6. This suggests that either the inducing signals are localized
anteriorly at early stages or that later signals further refine the olfactory placode-
forming region. The presumptive olfactory placode ectoderm is defined by co-
expression of several markers. Therefore, I have also analyzed these grafts for DLX3
expression and find a similar trend in loss of competence as seen with PAX6. A
prerequisite for studying the induction of a particular fate in a tissue is determining
the time at which it is still unspecified i.e. the tissue does not express markers
exclusive to its fate when removed from its original context in the embryo and
placed in a neutral environment in vitro. I examined the specification of the
presumptive olfactory placode ectoderm to express PAX6 and DLX3 and form
neurons by culturing this tissue at various stages in three-dimensional collagen gel
matrices. Presumptive olfactory placode ectoderm is specified to express PAX6 and
DLX3 between stages 8-10. Neuronal specification as assayed by expression of the
post-mitotic neuronal marker, Hu, begins around stage 14. This implies that the
ectoderm has seen signals that will direct its fate even before it is morphologically
visible as a placode. I have also determined the time at which the presumptive
olfactory placode ectoderm is irreversibly committed to its fate by grafting this
tissue at different stages to the lateral plate ectoderm at the level of the most recently
formed somites in the stage 8/9 chick embryo. This occurs by stage 14 as assayed by
expression of PAX6 and DLX3, concomitant with a visible thickening of the placode.
The next step is to determine the molecular nature of the inducing signals. Such

embryological manipulations in combination with fate-mapping and lineage studies



vii
will hopefully afford us some insight into the basic principles by which sensory

systems are assembled during development.



viii

Table of Contents

Chapter 1. Hierarchy of regulatory events in sensory placode development......1
1.1 INtrodUcCtion .......coceevieiiiiiiiiiiiiicicce e 2

1.2 Neural induction: a prequel to the formation of the

embryonic Nervous System.........cccocveieininiiniiiniiiiccec 3
1.3 Induction of the neural plate border region...........cccceuvvurururunnnee 6
1.4 Neural crest and placodes: embryonic precursors of the PNS....... 7
1.5 Placode induction...........ccoovviiiiiiniiiiiii 8

1.5A. Diverse cell types arise from the sensory

and neurogenic placodes...............ccccevvviiiiiiininiiiiniinicnnene, 8

1.5B. One, to many: the multiple phases of placode induction .......... 9

1.6 Genetic networks that operate during placode induction............ 12
1.6A. Upstream regulators of lens-specific Pax6 expression............ 13

1.6B. Downstream targets of Pax6 in the lens.............c.coceeuennnee. 14

1.6C. Negative regulators of lens formation.............ccccevvevvinunnene. 16

1.7 Conclusions.........ccevviviiiiiiiiiiiiiii 17

Chapter 2. Segregation of lens and olfactory precursors from a common

territory: cell sorting and reciprocity of DIx5 and Pax6 expression.................... 23
2.1 INtroduction .....c.ccoceeciiiiiiiiniiiiieiiciecc e 25
2.2 Materials and methods .........ccceceveireinieiniineeee e 27
2.2A. Embryo teCRIIGUES..........c.ooveeeuiiiiiiiiiiieiiecciccceee e 27
2.2B. Standardization of the position of labeled cells....................... 28
2.2C. Video time-lapse filming ..........ccccooovvvvevinvinininiiiiecincnne, 29
2.2D. Whole mount in-situ hybridization, immunohostochemistry
ANA NISEOLOGY vt 29
2.2E. Expression constructs and in ovo electroporation.................. 30
2.3 ReSUltS... oo 31

2.3A. Lens and olfactory precursors arise from a common

AOTATIL «.e oot e e e e e e e e e eea e e e e eaaaeeeeaanas 32



X

2.3B. Extensive cell movements lead to the segregation of lens
and nasal PreCUrsors ........coveveviiiiiiiiiiiiiiiiceee 33
2.3C. Early co-localization of Pax6 and DIx5 mRNA defines a
common nasal-lens territory, later separation of the PAX6

and DLX proteins correlates with acquisition of placodal

LACTEIEIEY oo 34

2.3D. Persistent expression of DIx5 regulates cell sorting............... 36

2.4 DISCUSSION ...c.ueiiiiiiiiiiiiiiicciic e 38
2.4A. A common territory for lens and olfactory precursors ........... 38

2.4B. Specification of the lens and olfactory precursors

parallels the formation of the eye-antennal imaginal

disc Of DroSOPHila ............cocovvvvviiiiiiiiiiiiiiiiiccic 40
2.4C. Do Pax6 and DIx5 regulate cell sorting at

placode stages?............ccoviviiiiiiiiiiiiiii 41

2.4D. Extensive cell movements as a general feature of placode
AeVelopMent ..........cccvvvviviiiiiiiiiiii 41
2.5 Acknowledgements..........c..cocoviiiiiiiiiiiii 43

Chapter 3: Single cell lineage analysis of olfactory and lens placode

PIECULISOIS. o uinuiintintinns srrreeeisstneesssssaneessssssassssssssassssssssassssssssassssssssssssssssasssssssssassss 53
3.1 INtroduction ....c...cocveeiieiiiiiiiiiieieeeeeee e 54

3.2 Materials and Methods .........cceouverieieieinineieeecee e 54

3.2A. Single cell injections ..........ccccevveivievievieinininicieieeccne 54

3.2B. HiStOIOGY ..eoovvvivinieniiiiiiciiicectccecc 56

3.2C. ImmunocytoChemistry ..........cccevvevevevieiniiinicieieeeeieene 56

3.3 Results and diSCUSSION .....ccc.eeriiiriiiiiiiniiiieeeeieeceeceeee e 57

3.3A. Single cells injected in the common lens-olfactory domain

from stages 6-8 give rise to either olfactory epithelial cells

or lens cells but 10t DOth ........c.ccccovveiiiiiiiiiniiiiiiicic, 58
3.3B. Distribution of mitotic figures between HH stages 6-10C .....59



Chapter 4: Spatiotemporal competence and commitment of ectoderm

during the induction of the olfactory placode............cocevevvuenuinevnernenncnncnnennne 66
4.1 Introduction ... 67
4.2 Materials and methods .........ccccveueirnicinneciinnccccceeaen, 70

4.2A. Quail-chick QUafts ........ccovvvviieiniiiiiiiiiec 70
4.2B. Collagen gel explant cultures..............cccevvvevevveiiinennennne. 71
4.2C. ImmunocytoChemistry ..........ccocevevevuevieinininicnieieeeeiene 72
4.2D. Antibody generation ............ccccvevevieineninenieieieeeenne 74
4.2E. Western bIottiNg ..........ccocevveieininiiviiiiiiicccceeee 74
4.2F. In situ hybridization .............ccccoevevevieinincncneieeeccne 75
4.3 Results... .o 75
4.3A. Molecular markers of the olfactory placode............................ 75
4.3B. DIx3 and Pax6 proteins are co-expressed in the olfactory
PlACOE ...t 77
4.3C. Neuronal markers of the olfactory epithelium........................ 78

4.3D. Competence of embryonic ectoderm at different

axial levels to express DIx3 and Pax6 and form

the olfactory placode...............cccoooevviiiviiinininiiiiieicci 79
4.3E. Specification of presumptive olfactory placodal ectoderm

to express DIx3 and Pax6 and form neurons........................ 81

4.3F. Presumptive olfactory placode ectoderm is committed to

express Pax6 and DIx3 by HH stage 15............ccocoeveuennnne. 82
4.4 DiSCUSSION ..cocuviiiiiiiiiiiiiiiiciccc s 83
4.4A. Molecular markers of the developing olfactory placode .......... 83

4.4B. Spatiotemporal distribution of competence to form the
olfactory placode ................ccooevviviiiiininiiice, 84

4.4C. Timing of inductive events that lead to the formation

of the olfactory placode..............ccccoovveinininiiiiniiniiie, 86
Chapter 5: Summary and future directions.........ccceeceerueveesersersenseensecsennensnenne 103

5.1 SUMMATY.... oot 104



xi
5.2 Questions that remain and future directions...........c..ccocevveeueenen.. 108
5.2A. What is the implication of the early lineage restriction
and specification of the olfactory and lens placode
Precursor CellS? ........ovvviiiiniiviiiiiiicicieec 108
5.2B. What is the molecular nature of the signal or cohort
of signals that sequentially induce placode precursor
cells to differentiate into the olfactory epithelium? ........... 110
5.2C. Identifying placode-activated enhancers: a crucial step

towards building networks...........cccoevveveviiiviiniiinininiennns 112

Appendix: Cited Literature .........couevevnervirsinnuiniiniininninnncnnenecnennenneeneseenes 115



Xii

List of figures:

Figure 1.1 The spatial organization of the cranial sensory and neurogenic
placodes at progressive stages of chick development............ccoovuriviiiicccinnnes 19
Figure 1.2 The placode-derived cranial NErves............cccccoeoveiinirinininisiciciciccceans 20
Figure 1.3 An outline of the gene regulatory network involved in

LTS O I I AT O « et e e e e e e e e e e e e e e e e e e e e e e e e eaaaeeeeannns 22

Figure 2.1 Diagram showing the standardization of the injection sites relative

t0 other 1andmarks ...........ccciiiiiiii s 44
Figure 2.2 Examples of Dil and DiO labeled embryos..........ccccooveiiiiiininnnns 46
Figure 2.3 Fate map of lens and olfactory precursors between stages

HHO6 and 10 .....c.ooiiiiiiiiiiii s 47
Figure 2.4 Lens and olfactory precursors show directional movement to their
final target POSIHIONS......c.ccviiiiiiiiii 48
Figure 2.5 Individual cell populations split into streams of cells moving toward
different targets ..o 49
Figure 2.6 Changes in Dix5 and Pax6 expression reflect the spatial arrangement
of nasal and 1ens PrecursSors ... 50
Figure 2.7 DIx and Pax6 proteins are differentially expressed at the time of
placode fOrmation ...........ccoocveiiiiiiiiiiii 51
Figure 2.8 Lens cells that continue to express DIx5 lose lens character and

Are eXCIUAE fTOM e 18NS .. e e e e e e e e e e e e e e e e e e eaaeaaeeas 52

Figure 3.1 Experimental set-up for single cell injections .............ccccocoeveiiininnnnns 62
Figure 3.2 Single cell injections in the common lens and olfactory precursor
region at stage 6 contribute to either the olfactory or the lens placode.................. 63
Figure 3.3 Injecting single cells at stage 8 produce clones of cells that contribute
exclusively to the olfactory epithelium or the lens............ccooviiiiiiiiine, 64
Figure 3.4 Mitotic figures in chick embryos, from stages 5-10 as revealed by

phospho-histone H3 Staining ..o 65

Figure 4.1 Molecular markers of the nascent olfactory placode.............cccccccucce. 89



Xiii
Figure 4.2 Pax3, Pax6, Dix3 and DIx5 are expressed in the mature olfactory

PlACOAE ...t 90
Figure 4.3 Purification of the GST-DIx3 (C-terminal) fusion protein ................... 92
Figure 4.4 Western blot analysis and immunohistochemistry using the
polyclonal antibody raised against the C-terminal of DIX3.........c.cccccccucuiuiiinnnnes 93
Figure 4.5 DIx3 and Pax6 proteins are expressed in the developing olfactory
PlACOAE ...t 94
Figure 4.6 Neuronal markers of the olfactory epithelium ..........c.cccoccccuiiiinannes 95

Figure 4.7 Isotopic grafts and grafts of the lateral epiblast to the anterior neural
fold result in DIx3 and Pax6 expression in the transplanted tissue........................ 96

Figure 4.8 Midbrain level ectoderm is competent to express DIx3 and

Pax6 upto HH stage 12........cccoooiiiiiiiii 97
Figure 4.9 Hindbrain level ectoderm is competent to express Pax6 upto
HH stage 8+ and DIx3 upto HH stage 12..........cccocovviiiiiiiiiiic 98

Figure 4.10 Trunk level ectoderm is competent to express DIx3 upto

HH stage 9 when grafted to the anterior neural folds ...........cccocoeiiiiiiiiinnes 99
Figure 4.11 Grafts of midbrain and hindbrain level ectoderm express Pax6

in the 1ens and COINEa ........c.cevreieirinieucininec ettt 100
Figure 4.12 Specification of presumptive olfactory placode ectoderm to

express DIx and Pax6 proteins and form neurons............ccccoceveiiiiiiiinincnenns 101
Figure 4.13 Time course for commitment of presumptive olfactory placode

ectoderm to express Pax6 and DIX3 .........c.ccocooiiiiiiiiniiiii 102



Chapter 1: Introduction

Hierarchy of regulatory events in sensory placode development

Sujata Bhattacharyya and Marianne Bronner-Fraser, 2004
Portions of this chapter were published as a review in Current Opinion in

Genetics and Development.



1.1 Introduction

Obtaining a reproducible pattern of differentiated cell types within the
forming embryo has been the focus of much scientific inquiry in the field of
developmental biology. This question was first examined more than a century ago
by experimental embryologists in diverse organisms. More recently, the tools of
molecular biology and the development of ‘genetic’ model organisms have provided
mechanistic insight into the phenomenology of cell division, growth and the
acquisition of a mature form. The externally developing chick embryo which has a
systematic classification of its development (Hamburger and Hamilton, 1951) is an
excellent system for embryological manipulations. Recent advances in molecular
techniques and genomic tools now permit the synthesis of embryological and
molecular information to answer fundamental questions such as tissue interactions
that lead to unique cell fate identity, cell movements which are responsible in part
for dynamic gene expression patterns and extrinsic and intrinsic molecular cues that
guide the differentiation of cells. In the last decade alone, enormous progress has
been made in unraveling the molecular cues that pattern the developing embryo:
from the fertilized egg to the formation of the three germ layers, within the ectoderm
to form the central and peripheral nervous systems and finally in the generation of
subdivisions within the nervous system.

My interest has been to understand the regional specification of the
peripheral nervous system; more simply put, how are sensory organs induced at
discrete and reproducible locations in the embryo. I have studied this question in the

context of the nasal structure, which always arises as a sensory system anterior to
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the eye. However, a prerequisite for studying this structure is determining where

the cells fated to contribute to this sensory organ arise. I have generated a fate-map
of precursors for both the olfactory and lens placodes and carried out single cell
lineage analysis to unequivocally determine their spatial origin in the embryo. I
have also analyzed how cell movements result in the segregation of these precursors
and how the dynamic expression patterns of some genes are functionally relevant
for this segregation. Finally, I have followed spatiotemporal changes in competence
to respond to olfactory placode inducing signals and the irreversible commitment of
progenitors to an olfactory fate.

In order to provide a framework for my thesis project, I will first present a
basic background to the formation of the nervous system in general and placode

induction in particular.

1.2 Neural induction: a prequel to the formation of the embryonic nervous system

Prior to neurulation, the process of gastrulation subdivides the embryo into
three germ layers: the ectoderm, mesoderm and endoderm. The traditional view has
been that ectoderm is induced to form neural tissue as a consequence of its
interaction with mesoderm that is ingressing through the primitive streak during
gastrulation in the chick embryo. The initial recognition of this interaction as critical
to the process of neural induction was achieved in a landmark experiment by
Spemann and Mangold. They identified the dorsal blastopore lip (which contains
the involuting dorsal mesoderm cells) as the ‘organizer’ in late gastrula stage
amphibian embryos (Spemann and Mangold, 1924). A secondary host-derived
neural axis was obtained when they transplanted this region into the ventral portion

(prospective epidermis) of another embryo. This suggested that the dorsal
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blastopore lip is capable of patterning (or organizing) the tissue that it is in contact

with it and hence its name. Additionally, it can induce ectoderm overlying it
towards a neural fate. Equivalent structures or ‘organizers’ have been found in other
organisms as well: Hensen’s node in the chick embryo, the embryonic shield in
zebrafish and the node (and Anterior Visceral Endoderm) in the mouse are capable
of inducing a secondary neural axis. While the phenotypic effect of transplanting
organizers of various species is universal, the specific molecular nature and/or
possibly timing of neural induction do not appear to be conserved. In the early
1990s, using expression cloning and other techniques, multiple secreted molecules,
all expressed by the organizer in Xenopus, were identified in quick succession:
noggin, chordin, follistatin and Cerberus (Lamb et al, 1993; Sasai et al, 1994;
reviewed in Harland, 1997, 2000). Interestingly, they shared a common molecular
mechanism for inducing neural tissue; they could all bind members of the BMP
(Bone Morphogenetic Protein) family with varying affinities and antagonize their
epidermalizing action. This led to the much- heralded and rather simplistic view of
neural induction wherein BMP family members are initially expressed throughout
the dorsal epidermis and later, through the creation of a gradient of BMP
antagonizing activity starting from the organizer, cells closest to the organizer
down-regulate their expression of BMP and become neural. In fact, when explants of
animal caps are dissociated they express markers of neural tissue possibly because
they are released from intercellular BMP signaling. However, in chick embryos the
story is much more complex. It appears that the spatiotemporal expression patterns
of various BMP family members (mainly-2, -4 and —7) and their antagonists- noggin,
chordin and follistatin- are not in keeping with the Xenopus model of neural

induction (Streit and Stern, 1999). Misexpression of the antagonists in prospective
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epidermal tissue is not sufficient to cause them to become neural and conversely,

misexpression of BMPs in the neural plate does not epidermalize it (Wilson and
Edlund, 2001). However, pre-exposure of the area opaca of the epiblast to Hensen’s
node for 5 hours sensitizes it to respond to the overexpression of chordin (Streit et
al., 1998). This suggests that node-derived signals other than BMP inhibitors are
operative in neural induction in amniotes at least. Additionally, neural tissue is still
generated in mice that lack noggin, chordin and follistatin (Bachiller et al., 2000).

In fact, the time at which neural induction occurs (at least in the chick
embryo) has been pushed back by experiments done in embryos prior to egg-laying.
In a rather dexterous experiment, the entire area of the stage XII chick embryo was
dissected into a hundred equal sized pieces and their specification was tested
(Wilson et al., 2000). Surprisingly, even as early as this, some of these regions have
already received signals that will drive the expression of neural markers such as
Sox2 and Sox3. At this stage, various FGF (Fibroblast Growth Factor) family
members are expressed at high levels in medial epiblast cells (Wilson et al, 2000;
Streit et al., 2000; Wilson and Edlund, 2001). Interestingly, signaling through this
pathway causes a down-regulation of Bmp expression in these cells and an
acquisition of neural characteristics (Wilson et al., 2000; Wilson, 2001). Concurrently,
Wnt signaling in lateral epiblast cells specifies an epidermal cell fate by inhibiting
FGF signaling (Wilson et al., 2001). This leads to the unexpected conclusion that
neural induction in the chick embryo is complete prior to the formation of
mesoderm. By late gastrula stages, neural commitment has taken place. One obvious
caveat to this experiment is that at such early stages, even a relatively small region
will contain cells of diverse fates, so it cannot be ruled out that ongoing signaling

between these cells contributes to the expression of these markers. A recent study in
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chick suggests that signals other than Fgf, Wnt (Wingless/Int) activation/inhibition

and Bmp inhibition is/are required for de novo neural induction in competent tissue

(Linker and Stern, 2004).

1.3 Induction of the neural plate border region

Fate-mapping data (Rosenquist, 1981; Fernandez-Garre et al, 2002) and the
expression of solely neural (Sox2, Sox3) and epidermal (keratin, Gata2, Gata3)
markers have helped demarcate the neural plate border region that will ultimately
give rise to neural crest and placodes (McLarren et al., 2003; Schlosser and Ahrens,
2004). However, this data does not allow for an unambiguous designation of
‘border’ territory as gene expression patterns and fate-map data do not agree in their
allocation of cells as belonging to the border. Other genes that are expressed in this
somewhat ill-defined region of the embryo include Msx1, Bmp4, Slug, Six4, Eya2
and DIx5 in the chick (McLarren et al., 2003) and Msx1, DIx3, Six1, FoxD3 and Slug
in Xenopus (Schlosser and Ahrens, 2004). Of these, DIx5, DIx3, Msx1 (in Xenopus),
and Six4 and Eya2 (in chick) have extended domains of expression in the adjacent
non-neural ectoderm. Overexpression of the DIx genes in the neural plate of chick
and Xenopus embryos leads to the upregulation of border markers such as Msx1
and DIx5, but is not sufficient to cause the ectopic generation of neural crest or
placodes (McLarren et al., 2003; Woda et al., 2003). In a dominant-negative analysis,
the loss of DIx function in the border region resulted in its repositioning to a more
lateral region in the ectoderm (Woda et al., 2003). It has been hypothesized that
bidirectional signaling between neural and non-neural ectoderm results in the

differential specification of neural crest and placode territory; while neural cells
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respond to ectodermal signals to form neural crest, placodes are induced in the

ectoderm by signals from neural tissue (Schlosser and Ahrens, 2004).

1.4 Neural crest and placodes: embryonic precursors of the PNS

Ectodermal placodes and neural crest cells are morphological inventions
unique to vertebrates. Cranial placodes have been empirically defined as transient
embryonic thickenings of columnar epithelium that contribute extensively to the
peripheral nervous system of the vertebrate head. In contrast, neural crest cells
delaminate from the dorsal neural tube at all axial levels except the most anterior
region, at the level of the future telencephalon. They share some similarities
including their induction at the border between the prospective neural plate and
epidermis as mentioned above (Knouff, 1935; Rosenquist, 1981; Fernandez-Garre et
al, 2002). Both populations also undergo an epithelial to mesenchymal transition,
and give rise to some of the same derivatives such as sensory neurons, glia and
neuroendocrine cells (Baker and Bronner-Fraser, 1997). However, neural crest cells
generate a wider range of derivatives including melanocytes, autonomic neurons,
bone and cartilage.

The generation of neural crest by the apposition of neural and non-neural
ectoderm (Dickinson et al., 1995; Selleck and Bronner-Fraser, 1995), the participation
of BMPs (Basler et al, 1993; Liem et al, 1995) and Wnts (LaBonne and Bronner-Fraser,
1998; Garcia-Castro et al.,2002) in this process, the stereotypic migration of these
cells and the molecular cues that cause their differentiation into various lineages:
sensory neurons, sympathetic neurons, glial cells and smooth muscle cells (Shah et
al., 1994; Shah et al., 1996; Shah et al., 1997; Greenwood et al., 1999) have been the

focus of much research. Much less is known about placode induction and
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differentiation at a molecular level inspite of their substantial contributions to the

nervous system. Historically, placode development has been examined from an
embryological perspective and these studies in a diversity of organisms have
revealed tissue interactions that are crucial for the morphological formation of the
different placodes. In recent times, there has been a renewed interest in
understanding the molecular mechanisms that drive the generation of a varied array

of cell types from these deceptively simple ectodermal regions.

1.5 Placode induction

1.5A Diverse cell types arise from the cranial sensory and neurogenic placodes
The cranial sensory placodes (the olfactory, lens and otic placodes)
differentiate into a variety of cell types. For example, the olfactory placode gives rise
to the regenerating olfactory sensory neurons (OSNs) responsible for odorant
detection, the pheromone receptor neurons (PRNs) in the vomeronasal organ and
the gonadotropin-releasing hormone (GnRH) neurons (for a contrary view see,
(Whitlock et al., 2003) that regulate reproductive cycles. Non-neuronal derivatives
originating in the olfactory epithelium include the olfactory ensheathing glial cells,
the stem cell-like basal cells and support cells. The axons of the OSNs project to the
olfactory bulb forming the Ist cranial nerve, the olfactory nerve (Fig. 2), and the
GnRH neurons migrate alongside these axons ultimately penetrating the forebrain
to localize in the basal hypothalamus (reviewed in Parhar, 2002; Wray, 2002).
Conversely, the lens placode is entirely non-neurogenic; the posterior portion of the
lens vesicle differentiates into lens fiber cells of the eye, which produce various
crystallin proteins that endow the lens with its characteristic transparency. The otic

placode gives rise to the labyrinthine structure of the inner ear: the cilia of the hair
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cells in the cochlea transduce auditory signals whereas the cilia in the sensory

epithelia of the three semicircular canals respond to angular acceleration of the
endolymphatic fluid thereby providing a sense of balance. Furthermore, like the
olfactory epithelium, structural components of the inner ear also contain support
cells, which are likely required for the regeneration and maintenance of hair cells in
non-mammalian organisms. The cochleovestibular ganglion arises primarily from
the anteroventral aspect of the otic vesicle and is associated with the VIIIth
(vestibulocochlear) cranial nerve (Figs. 1 and 2) (Riley and Phillips, 2003).

In contrast to the cranial sensory placodes, the trigeminal and epibranchial
placodes are solely neurogenic. The former contributes cutaneous sensory neurons
to the distal portion of the trigeminal ganglion (the Vth cranial nerve) (Fig. 2) that
relays touch, pain and temperature information from the face and jaws. On the other
hand, the epibranchial placodes give rise to visceral sensory neurons that innervate
taste buds and transmit vital information about heart rate, blood pressure and
visceral distension. The epibranchial (geniculate, petrosal and nodose) placodes
arise in a rostrocaudal sequence in the vicinity of the otic vesicle, dorsal to the
branchial clefts and form the distal portions of the facial (VIIth) (Fig.2),
glossopharyngeal (IXth) and vagal (Xth) ganglia, respectively (Fig. 1). The proximal
portions of all cranial ganglia have an alternate origin in the neural crest. Therefore,
the entire cranial peripheral nervous system is generated from two multipotent cell

populations, the neural crest and the placodes.

1.5B One, to many: the multiple phases of placode induction
At the very least, placode induction is a two-step process. Morphological

evidence suggests that there is a thickened “pre-placodal” domain at the border of
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the neural plate and ectoderm, at the early neurula stage in some species. This

domain is further identifiable by a distinct combinatorial code of Six, Eya and Dach
gene expression (for reviews see Baker and Bronner-Fraser, 2001; Streit, 2004).
Additionally, fate-maps in the chick and zebrafish position the precursors for the
olfactory, lens, otic and epibranchial placodes in overlapping patterns within this
region (Figure 1a) (Bhattacharyya et al., 2004; Streit, 2002; Whitlock and Westerfield,
2000). An important and still outstanding question is how this domain is defined: is
it a domain where every cell is fated to become or biased towards a distinct placodal
fate or is it a domain where every cell has the potential or is competent to acquire
properties of any of the placodes? These are not mutually exclusive options.
Whereas lineage studies and gene expression patterns have provided evidence for
the former option (Schlosser and Ahrens, 2004), the plasticity of open neural plate-
stage ectoderm to form the appropriate placodes when rotated (Jacobson, 1963)
suggests that a window of competence is present in the pre-placodal region (for
further discussion, see Streit, 2004; Schlosser and Ahrens, 2004; Begbie and Graham,
2001). However, the developmental potential of a single cell in this domain has yet
to be addressed. Furthermore, it has been hypothesized that specific placodes are
secondarily induced from this shared territory. The temporally asynchronous
acquisition of distinct placodal identities and the diversity of signaling molecules
required argues against the induction of individual placodes being a simple two-
step process; rather, it suggests that a coordinated series of interactions cumulatively
leads to a unique cell fate. In addition to a requirement for different signaling
sources over time, the placodal precursor cells undergo extensive cell movements
prior to reaching their ultimate location in the head: a morphological entity is only

seen after the coalescence of the initially scattered placode precursor cells
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(Bhattacharyya et al., 2004; Streit, 2002; Whitlock and Westerfield, 2000). Whether

this movement is directed by the prospective fate of the cells or whether this process
is a stochastic one whereby precursors attain a bias towards a particular cell fate
once they have reached their final destination is a question that remains closely tied
to the determination of their state in the pre-placodal domain.

The Bmp, Fgf, Shh (Sonic hedgehog) and Wnt signaling pathways have been
implicated in different aspects of the inductive process, from the initial formation of
the pan-placodal primordium at the border of the neural plate and ectoderm to the
final steps in the differentiation of the various placodes (Baker and Bronner-Fraser,
2001; Streit, 2004). An important component of these signaling modules are
transcription factors that function cell autonomously to confer placodal identity.
Loss-of-function analyses have revealed the seminal role of certain transcription
factors in the ectoderm to placode transition. One such example is that of Pax6, a key
gene involved in the development of the lens and nasal placodes. These placodes do
not form in Small Eye (Sey) mutant mice, which carry a semi-dominant, homozygous
lethal mutation in the Pax6 coding region (Grindley et al., 1995; Hogan et al., 1986).
The specific inactivation of Pax6 in the presumptive lens ectoderm also abrogates
lens placode formation (Ashery-Padan et al., 2000). In addition, chimeric analyses of
Sey and wild-type mice have shown the exclusion of Pax6-/- cells from the
developing lens and nasal epithelium (Collinson et al., 2000; Collinson et al., 2003).
Co-culture experiments in which ectoderm lacking Pax6 was combined with wild
type optic vesicle (one of the sources for lens fate promoting signals) resulted in a
lack of lens formation; conversely, wild type ectoderm was capable of forming a
functional lens in response to signals from a Pax6 deficient optic vesicle (Fujiwara et

al., 1994). Analogous co-culture studies with nasal epithelium and the underlying
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nasal mesenchyme gave similar results (LaMantia et al., 2000). Taken together, these

experiments suggest that Pax6 expression is crucial within the presumptive lens and
nasal placode ectodermal cells.

Conversely, gain-of-function studies have identified some transcription
factors that endow ectodermal cells with placodal characteristics. In fact, the
overexpression of Sox3 (a transcription factor of the SRY gene family) in the chick
and medaka causes the appearance of ectopic placode-like structures that express
Pax6 and Eyal (a marker of the nasal and otic placodes) (Koster et al., 2000);
however, in the chick this only occurs in head ectoderm adjacent to the endogenous
placodes (Abu-Elmagd et al., 2001). This may reflect the early loss of competence of
trunk level ectoderm to respond to placode inducing signals (Groves and Bronner-
Fraser, 2000, Baker et al., 1999). Surprisingly, in the medaka, otic vesicle-like
structures are also found in the trunk ectoderm, an ectodermal region ordinarily
devoid of placodes (Koster et al., 2000). This suggests that Sox3 could actin a
permissive capacity in the ectoderm, bestowing it with the ability to respond to
placode-inducing signals. Possibly, as yet unknown factors could provide such

competence to non-placode forming ectodermal regions in other vertebrates.

1.6 Genetic networks that operate during placode induction

Since the hierarchy of molecular players involved in olfactory placode
induction remains elusive, I will use data obtained in the study of lens induction to
highlight how one can approach a network analysis of placode induction. Lens
induction and differentiation have historically been studied using embryological
manipulations. In this context, the genetic and biochemical dissection of a molecular

pathway involved in lens formation provides a holistic view of its development. The
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pivotal role of Pax6 in eye development was brought to light by the formation of

ectopic eyes in a gain-of-function analysis in Drosophila (Halder et al., 1995). Its
importance in lens placode induction is underscored by the study of the Sey mouse
(Grindley et al., 1995; Hogan et al., 1986) and rat (Matsuo et al., 1993) mutants. The
regulation of this gene has been extensively studied and a basic network has been
defined (Chow and Lang, 2001). Since then, additional data has highlighted the

complexity of this pathway (Fig. 3).

1.6A Upstream regulators of lens-specific Pax6 expression

The identification of a head ectoderm specific enhancer in the 5" upstream region
of Pax6 has been the starting point of numerous inquiries into the nature of Pax6
regulation and the search for its lens-specific downstream targets. This highly
conserved 341 bp enhancer (EE) approximately 4 kb upstream of the most proximal
promoter (P0) of the Pax6 gene was shown to be both necessary and sufficient to
control its spatio-temporal expression in the developing lens (Williams et al., 1998;
Kammandel et al., 1999). The targeted deletion of this enhancer caused multiple lens
defects, partly through a loss of Foxe3 expression (Dimanlig et al., 2001; Blixt et al.,
2000). A significant, though not complete loss of Pax6 expression in these mutants
suggests that at the very least two cis-elements are required for the full range of
Pax6 expression in the lens (Fig. 3) (Dimanlig et al., 2001). Detailed biochemical
analysis has identified two three amino-acid loop extension (TALE) homeoproteins,
Meis1 and Meis2 that function as direct regulators of lens-specific Pax6 expression
(Zhang et al., 2002). Additionally, the persistent expression of the Meis genes in a
Pax6 null background, genetic epistasis analysis and the repression of Pax6

expression in the lens ectoderm on electroporation of a Meis dominant negative
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construct, lend further support to a model wherein the Meis genes function

upstream of Pax6 (Fig. 3). In addition, the hypothesized second lens-activated
enhancer could likely be a “SIMO” element that has 5 Meis consensus sites (Figure
3) (Zhang et al., 2002 and references therein). It will be illuminating to determine the
phenotype of Meis 1 and 2 knockout mice, especially with regard to the level of Pax6

expression and the extent of defects seen in the formation of the lens.

1.6B Downstream targets of Pax6 in the lens

The Sox B1 group genes, Sox1, 2 and 3 have also been implicated in lens
formation (Kamachi et al., 1998). Sox2 expression is up -regulated in the
presumptive lens ectoderm shortly after the ectoderm and optic vesicle have made
contact with each other, following the initiation of Pax6 expression (Furuta and
Hogan, 1998; Kamachi et al., 1998; Schlosser and Ahrens, 2004). In Sey mutants, Sox2
is not up regulated in the lens placode placing Sox2 downstream of Pax6 expression
in the presumptive lens placode ectoderm, at least in the mouse (Fig. 3) (Furuta and
Hogan, 1998). Importantly, it has been shown that the co-expression of Pax6 and
Sox2 in the lens placode has functional relevance: Pax6 and Sox2 interact directly
with each other (Kamachi et al., 2001), can synergistically regulate Pax6 expression
via the minimal enhancer mentioned above (Figure 3) (Aota et al., 2003) and
cooperatively bind DC5, a 30 bp minimal enhancer in the intronic region of 8-
crystallin (Fig. 3) (Kamachi et al., 2001) to which Pax6 on its own binds poorly.
However, Pax6 and Sox2 are co-expressed in other portions of the nervous system,
such as the spinal cord, nasal placode and Rathke’s pouch and interestingly, some of

these embryonic regions have a low -level of endogenous d-crystallin expression
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(Kamachi et al., 1998). Clearly, these cells do not go on to differentiate as lens fiber

cells, which implies that additional non-lens cell specific repressors and / or lens-
specific activators must be present to impart a unique differentiation potential to the
lens cells. This could account for the ectopic expression of L-Maf (a basic leucine
zipper domain transcription factor; reviewed in (Reza and Yasuda, 2004) and 6-
crystallin only in the region adjacent to the endogenous lens on co-electroporation of
Pax6 and Sox2 (Kamachi et al., 2001; Reza et al.,2002). Sox2, L-Maf and Prox1 (the
vertebrate homolog of Prospero) when overexpressed on their own are also
incapable of inducing 0-crystallin outside the region adjacent to lens (Kamachi et al.,
2001; Reza et al., 2002; Shimada et al., 2003). Strikingly however, the co-
electroporation of L-Maf and Sox2 causes the ectopic expression of §-crystallin
anywhere in the head ectoderm both cell autonomously and non-cell autonomously
(Shimada et al., 2003). Possibly, this indicates that L-Maf in conjunction with Sox2
functions as a key molecular determinant of lens-forming ability.

Surprisingly, the expression of a dominant negative Pax6 construct down-
regulates the expression of Prox1, L-Maf and d-crystallin, but not of Sox2 and Six3
(Reza et al., 2002). The fact that Six3 and Sox2 expression are not down-regulated is
in contrast to experiments where Six3 expression was lost when Pax6 was
conditionally inactivated in the presumptive lens placode ectoderm (Ashery-Padan
et al., 2000) and both Six3 and Sox2 expression were abolished in the Sey mutants
(Fig. 3) (Lagutin et al., 2001; Furuta and Hogan, 1998). This may be connected to the
difference in time at which Pax6 activity is lost in the two cases; alternatively, in the
dominant negative situation, the activation domain of Pax6 may still be able to

function in the presence of the Engrailed (En) repressor domain in some chromatin
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environments. Interestingly, these cells were not excluded from the lens. The co-

expression of L-Maf in conjunction with the dominant-negative Pax6 construct
rescued the phenotype, thus putting L-Maf downstream of Pax6 in the lens-specific

gene regulatory hierarchy (Fig. 3) (Reza et al., 2002).

1.6C Negative regulators of lens formation

All the transcription factors mentioned above function as transcriptional
activators in the lens. However, repression is equally crucial to a pathway by virtue
of providing negative feedback and preventing runaway activation. The vertebrate
homologues of the Drosophila sine oculis gene, Six3 and Six6 function as negative
regulators of eye development (Chow and Lang, 2001). The lack of Six3 expression
in the presumptive lens placode ectoderm in Sey mutants suggests that Pax6 controls
its expression directly or indirectly (Fig. 3); however, Six3 expression in the optic
vesicle of these mutants is unaffected (Lagutin et al., 2001). Six3 overexpression
either by itself or in combination with Grg5 (a mouse counterpart of Groucho, a
transcriptional co-repressor) prevents the invagination of the lens placode and the
expression of d-crystallin in a majority of the overexpressing cells (Fig. 3) (Zhu et al.,

2002).

Using epistasis analysis to build similar genetic networks that function in the
development of the other sensory and neurogenic placodes will enable a deeper

understanding of these placodes and will lead to new and testable hypotheses.
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1.7 Conclusions

Our current model is that placode development is a multi-step process that
initiates with partitioning of a general placode domain from which individual
placodes are specified by inductive interactions from surrounding tissues. All
placodes appear to have regulatory “cassettes” involving Six, Eya and Dach genes,
with individual transcription factors activated in a placode-selective fashion.
Activation of particular sets of genes appears to occur by integration of multiple
signals with a unique read-out for each placode. The recent identification of
“placode-specific” enhancers will greatly aid in dissection of these complex gene
regulatory networks. However, such analysis will be meaningful only when viewed
in conjunction with detailed embryological studies. Together, they will help unravel
the intricate process of creating a relatively simple focal ectodermal region and will
provide insight into how a considerable portion of our cranial nervous system
arises.

The goal of my thesis has been to understand the step-wise progression of
differentiation in placode precursor cells. In the next chapter, I discuss data
regarding the spatial localization of progenitors that will contribute both to the
olfactory epithelium as well as to the lens of the eye. These precursors appear to
intermingle at early stages, with their eventual separation being coordinated by at
least partially directed cell movements. The expression of certain genes mirrors this
process and moreover, we show that maintaining expression of olfactory genes in
the precursors prevents them from contributing to the lens. Using single cell lineage
analysis, in chapter 3, I show that even at early stages in development when

olfactory and lens precursor coexist in a common territory, single cells are already
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fated to give rise to progeny that will contribute to either one or the other placode.

In chapter 4, I discuss the extent to which ectoderm is competent to give rise to the
olfactory placode and test the specification and commitment of presumptive placode
cells. The ability to form the olfactory placode is only retained in more anterior
ectoderm (forebrain and midbrain level ectoderm) beyond HH 10. While
presumptive olfactory placode cells are specified early on (prior to complete
segregation of the lens and olfactory fields), their commitment is delayed. This
suggests a greater inherent plasticity in these cells as opposed to other placodal
populations that have been similarly tested. In chapter 5, I summarize my findings,

and define questions that remain in my model of olfactory placode induction.
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Figure 3: An outline of the gene regulatory network involved in lens formation.
Schematic diagrams on the far left (A) illustrate the morphological development of the lens at
times corresponding to gene deployment on the right (B). (a) Presumptive lens placode
ectoderm shown in white overlies and abuts the optic vesicle. (b) The ectoderm thickens to
form the lens placode and is in direct contact with the optic vesicle. (¢) The lens placode
invaginates to form a pit, and finally (d) the mature lens vesicle buds off and is covered by a
sheet of corneal epithelium. The lens is housed within the cup-shaped structure of the retina.
(B) The thick solid black arrows represent direct interactions known to be mediated by
binding of the indicated transcription factor to a cis-regulatory element. Enhancers are
depicted as rectangular boxes with smooth edges, whereas transcription factors are shown in
simple rectangular boxes. Dashed lines indicate interactions between various transcription
factors inferred from epistasis experiments. Hexagons indicate growth factors that signal
during lens development. Thin black solid arrows indicate the positive regulation of Pax6 and
Sox2 by these growth factors. The diagram is based on published data highlighted in the text
and/or described below.

Both FGF and BMP7 signaling are required to maintain placodal expression of Pax6
(Faber et al., 2001); initial expression of Pax6 is unaffected in Bmp7 -/- mice (Wawersik et
al., 1999) suggesting that it is required for the later placodal stages of Pax6 expression. On
the other hand, BMP4 and other optic vesicle (ov) derived signals act upstream of Sox2
expression as Sox2 expression is abolished in a BMP4 null mutant (Furuta and Hogan, 1998).
Pax6 expression is not affected in this mutant (ibid).

Meis, Pax6 and Sox2 all bind to the ectoderm enhancer (EE) present upstream of the
Pax6 gene. Likely, the output of both the EE and the second hypothesized cis-element
(“SIMO”?) governs the lens expression of Pax6. The loss of Six3, Sox2 and FoxE3
(Brownell et al., 2000) expression in the Sey mutant suggests that Pax6 expression in the
presumptive lens placode ectoderm is upstream of Sox2, Six3 and FoxE3 in the gene
regulatory cascade. Six3 acts as a transcriptional repressor down-regulating both its own
expression as well as that of d-crystallin, one of the characteristic proteins produced in
differentiating lens fiber cells. Pax6 and Sox2 cooperate to induce L-Maf and 8-crystallin
expression. Pax6, Sox2 and L-Maf all bind the enhancer region of the d-crystallin gene (Muta
et al., 2002). A dominant-negative form of L-Maf eliminates Prox-1 expression in the lens
implying that L-Maf may function upstream of Prox-1 (Shimada et al., 2003). Prox1 and c-
Maf (not shown here) directly bind multiple cis-regulatory elements upstream of the $B1-
crystallin gene (Cui et al., 2004). In another branch of the lens development pathway, Pax6
controls FoxE3 expression possibly via Mab2111 (Dimanlig et al., 2001; Yamada et al.,
2003). Defects in the FoxE3 mutant mice (dysgenetic lens) suggest that FoxE3 plays a role in
lens vesicle closure, separation of this vesicle from the corneal epithelium and proliferation
(Blixt et al., 2000). Additionally, an upregulation of Prox1 in these mutants suggests that
under normal physiological conditions, FoxE3 functions to repress or contain Prox1
expression (Blixt et al., 2000; Brownell et al., 2000).
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Chapter 2

Segregation of lens and olfactory precursors from a common territory:

cell sorting and reciprocity of DIx5 and Pax6 expression

Sujata Bhattacharyya, Andrew Bailey, Marianne Bronner-Fraser and
Andrea Streit, 2004.

This chapter was published in Developmental Biology.
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Abstract

Cranial placodes are focal regions of columnar epithelium next to the neural
tube that contribute to sensory ganglia and organs in the vertebrate head, including
the olfactory epithelium and the crystalline lens of the eye. Using focal dye labeling
within the presumptive placode domain, we show that lens and nasal precursors
arise from a common territory surrounding the anterior neural plate. They then
segregate over time and converge to their final positions in discrete placodes by
apparently directed movements. Since these events closely parallel the separation of
eye and antennal primordia (containing olfactory sensory cells) from a common
imaginal disc in Drosophila, we investigated whether the vertebrate homologues of
Distalless and Eyeless, which determine antennal and eye identity in the fly, play a
role in segregation of lens and nasal precursors in the chick. DIx5 and Pax6 are
initially co-expressed by future lens and olfactory cells. As soon as presumptive lens
cells acquire columnar morphology all DIx family members are down-regulated in
the placode, while Pax6 is lost in the olfactory region. Lens precursor cells that
express ectopic DIx5 never acquire lens specific gene expression and are excluded
from the lens placode to cluster in the head ectoderm. These results suggest that the
loss of DIX5 is required for cells to adopt a lens fate and that the balance of Pax6 and

DIx expression regulates cell sorting into appropriate placodal domains.
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2.1 Introduction

In the vertebrate head, critical parts of the peripheral sensory nervous system
arise from transient ectodermal thickenings, the cranial placodes, which develop at
unique positions next to the neural tube (Baker and Bronner-Fraser, 2001). The
olfactory placode gives rise to the nasal epithelium, the lens placode to the
crystalline lens of the eye and the otic placode forms the inner ear. The trigeminal
and the three epibranchial placodes, together with neural crest cells, form the cranial

ganglia.

In the chick embryo, cells that will contribute to different placodes (like future
otic and epibranchial cells) are initially intermingled and only later segregate to
form separate placodes (Streit, 2002). Like otic precursors in the chick, olfactory cells
in zebrafish are recruited from a large, but defined region of the head ectoderm and
converge to their final position through cell rearrangements and movements
(Whitlock and Westerfield, 2000). These observations raise the possibility that an
initial step in placode formation is the establishment of a pre-placodal domain
containing precursors for multiple placodes and that unique regional identities are
imparted as a later step. In agreement with this notion, classical embryological
experiments indicate that common tissue interactions and probably common signals
are required for the initial induction of different placodes (Jacobson, 1963b;
Jacobson, 1963¢; Jacobson, 1963d). Moreover, the paired-domain transcription factor
Pax6 (Walther and Gruss, 1991) as well as members of the Six (Bovolenta et al., 1998;
Esteve and Bovolenta, 1999; Oliver et al., 1995; Pandur and Moody, 2000) and Eya

(Mishima and Tomarev, 1998; Sahly et al., 1999; Xu et al., 1997) families are
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expressed in both nasal and lens placodes, and loss of Pax6 function results in the

failure of both of these placodes to form (Grindley et al., 1995; Quinn et al., 1996;

van Heyningen and Williamson, 2002; Wawersik et al., 2000).

The idea that olfactory and visual cells may share a common origin is
surprisingly reminiscent of the development of sensory organs in holometabolous
insects: the antenna, an odour-detecting organ, and the eye arise from a common
imaginal disc, the eye-antenna disc. During larval development these territories
separate and acquire distinct identities to give rise to the adult antenna and
compound eye. This process is partially dependent on the action of two
transcription factors that seem to regulate each other (Kurata et al., 2000): the DIx
gene Distalless (Dll) is required to confer antennal identity (Cohen et al., 1989; Dong
et al., 2000; Panganiban and Rubenstein, 2002; Sunkel and Whittle, 1987), while the
Pax6 homologue Eyeless (Ey) is essential for eye specification (Halder et al., 1995;

Quiring et al., 1994); for review: (Gehring, 1996; Kumar and Moses, 2001c¢).

This raises the intriguing question of whether a similar principle may hold true for
vertebrate nasal and lens placode formation. Here, we show in the chick that
precursors for these two placodes arise from a common territory next to the anterior
neural plate and segregate over time by apparently directional movements. As in the
fly, DIx5 and Pax6 are initially co-expressed in the common nasal-lens domain. As
streams of cells destined to the lens and to olfactory regions segregate, expression of
these two transcripts separates accordingly, suggesting that cell migration and
regulation of these genes are coordinately regulated. However, the proteins they
encode only become differentially expressed as the placodes begin to form: DIx5

expression is lost from the lens and Pax6 expression is transiently down-regulated in
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nasal precursors. Loss of DIx5 is required for cells to acquire a lens identity: no cells

that continued to express DIx5 were found in the lens. This points to a remarkable
and hitherto unnoticed similarity in the developmental processes that generate

olfactory and visual organs in vertebrates and arthropods.

2.2 Materials and methods

2.2A Embryo techniques

Fertile hens’ eggs (Winter Farm, Hertfordshire, UK; Spafas, Charles River
Laboratories, Roanoke, IL, USA) were incubated at 38°C for 24-45 hours to obtain
embryos at stages 6-10 (Hamburger and Hamilton, 1951). For fate mapping, small
groups of epiblast cells were labeled using the fluorescent dyes Dil and/or DiO as
described previously (Ruiz i Altaba et al., 1993). Briefly, stocks of 0.5% Dil or of
0.25% DiO in absolute alcohol or DMSO were diluted 1:10 in 0.3M sucrose at 50°C
and injected by air pressure using a micropipette made from 50 ul borosilicate glass
capillaries. The labeled position was measured in relation to other landmarks (see
below) and the embryos then cultured in ovo until the lens and olfactory placodes
could be identified by morphological criteria (stage 15-19). The position of labeled

cells was assessed in whole mounts or after cryosectioning.

For video time-lapse analysis, embryos were labeled as described above,
incubated for 1-2 hours in ovo and then explanted dorsal side down on fibronectin
(20 ug/ml) coated Millicell inserts (Millipore) and cultured in Neurobasal medium

containing B27 supplement as previously described (Krull and Kulesa, 1998).
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2.2B Standardization of the position of labelled cells

The antero-posterior and medio-lateral positions of Dil and/or DiO labelled
cells were measured using an eyepiece graticule immediately after injection. In stage
6-7 embryos, the distances from the centre of Hensen’s node (primitive pit) to the tip
of the prechordal plate (pp-hn = 100%; Fig. 1A.) and to the labelled cells,
respectively, were measured and the position of the label was calculated as a
percentage of the total length pp-hn. To standardize the medio-lateral position, the
distance between the midline and the labelled cells was expressed as % of the
distance between the midline and the edge of the neural plate at the level just
anterior to the node (ml-np = 100%; Fig. 1A).

In embryos with 2-5 somites or more, distances were measured from the
anterior edge of the first somite to the anterior neural ridge (anr-som = 100%; see
Fig. 1B) and to the labelled cells. The position of the label was calculated as
percentage of the total distance anr-som. The medio-lateral position of the labelled
cells was determined in relation to the width of half the neural plate at the level just
anterior to the first somite (ml-np = 100%; see above and Fig. 1B).

In embryos older than 5 somites, the distances from the first somite to the
neuropore (np-som = 100%; Fig 1C) and to the labelled cells, respectively, was
measured and the position of the label expressed as percentage of the total length
np-som. To standardize the medio-lateral position, the distance from the midline to
the labelled cells was expressed as percentage of the distance between the midline

and the lateral edge of the optic vesicles (ml-ov = 100%).
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Note that using this system, these measurements are relative such that the

100% value differs considerably between the medio-lateral and antero-posterior

axes, as well as between different stages.

2.2C Video time-lapse filming

Four different positions of the epiblast on each side of stage 7-8 embryos were
labelled with Dil as described above. The embryos were cultured in a heated
chamber placed around an inverted Zeiss 410 laser scanning confocal microscope.
For some movies, 3D stacks of pictures were taken every 10-15 minutes. These stacks
were of 70 um in thickness, with individual sections 14 um apart. In other cases, the
pinhole was opened up completely and a single thick section was imaged at an
interval of 5-7 minutes. All movies were filmed at 5x or 10x magnification. Cell
migration was visualised using Quick Time and groups of cells were tracked using
Image J. To determine the trajectories taken by the labelled cells in an unbiased
manner, all the time frames for each movie were collapsed into a single image.
Single channel information at successive time-points was opened as an image
sequence in Image ] and a Z projection, at maximum intensity, of the resulting stack

was created.

2.2D Whole mount in situ hybridisation, immunohistochemistry and histology
cDNAs for DIx-5 (Ferrari et al., 1995) and Pax6 (Goulding et al., 1993) were
kindly provided by R.A. Kosher and A. Bang. Whole mount in situ hybridisation
using DIG-labelled antisense RNA-probes was performed as previously described
(Streit et al., 1997; Thery and Stern, 1996). The colour reaction was developed using

NBT/BCIP as a substrate. After post-fixing the embryos were embedded in
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ovalbumin/agar for vibratome sectioning. Dil and DiO labelled embryos were

embedded in gelatin and 10 um cryo-sections were cut.

Mouse monoclonal antibody against Pax6 was obtained from Developmental
Studies Hybridoma Bank (Department of Pharmacology and Molecular Sciences,
The Johns Hopkins University School of Medicine, Baltimore, MD 21205 and
Department of Biological Sciences, University of Iowa, Iowa City 52242 under
contract NO1-HD-2-3144 from NICHD); polyclonal antibodies recognising all DIx
proteins were a kind gift from Jhumku Kohtz, Northwestern University; polyclonal
antibodies against chick d-crystallin were generously provided by Joram Piatigorski,
National Eye Institute. Rabbit anti-GFP antibodies were purchased from Molecular
Probes. For immunohistochemistry, embryos were fixed in 4% paraformaldehyde in
phosphate buffered saline (PBS) at 4°C for 1 hr and embedded in gelatin for
cyrosectioning. Immunostaining was performed as described previously (Stern,
1993) using anti rabbit, mouse or sheep secondary antibodies coupled to Alexa fluor
488 and 594 (Molecular Probes). Nuclei were visualised with DAPI (Molecular

Probes).

2.2E Expression constructs and in ovo electroporation

The coding sequence of chick DIx5 was cloned into pCAB-IRES-eGFP as
previously described (McLarren et al., 2003) to generate a bicistronic expression
construct under the control of the ubiquitous chick p-actin promoter. pCAB-IRES-
eGFP without insert was used as control.

Exogenous DNA (2-5 ug/ul) was injected in ovo under the vitelline

membrane overlying the presumptive nasal-lens ectoderm of embryos between
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stage HH 8-10. DNA transfer into the ectoderm was achieved by electropration

using one broad silver (cathode) and one pointed tungsten (anode) electrode to
apply 4 pulses of 20V, 50ms at 1000ms intervals. Eggs were then sealed and
incubated for 1-2 days until the embryos had reached HH13-20. Specimens were
recovered in PBS, photographed and processed for cryosections and

immunohistochemistry.

2.3 Results

In the chick, the lens and olfactory placodes are first visible as patches of
thickened epithelium at the 12-14 (HH11) and 21-23-somite stage (HH 14)
respectively (Bancroft and Bellairs, 1977; Romanoff, 1960). To investigate whether
precursors for both placodes arise from a common territory, we constructed fate
maps at different developmental stages. Small cell populations in the epiblast of
chick embryos from head fold (HH6) to the 12-somite stage (HH11) were labelled
with the fluorescent dyes Dil and DiO. Their position in relation to other landmarks
was measured immediately after labelling (Fig. 1; Fig. 2A”’- F”’). One dye injection on
average labelled 10-30 cells. Embryos were allowed to develop until stage HH15-18,
when both placodes are morphologically visible, and the position of the labelled
cells was determined in whole mounts (Fig. 2A-F). Some of the embryos were then
sectioned to confirm the location of labelled cells (Fig. 2A’-F’). In total, 429 embryos
were labelled; of the 325 survivors most had received one Dil and one DiO injection

on each side of the embryo.
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2.3A Lens and olfactory precursors arise from a common domain

At stage HH6-7, olfactory and lens precursors reside in the anterior ectoderm
next to the neural plate where they are intermingled with future epidermal cells
(Fig. 3). In addition, precursors for all three cell populations are found amongst
prospective neural cells in the lateral edge of the neural plate (width: 10-15% ml-np).
Nasal precursors spread from the most anterior tip of the neural plate to
approximately one third of its length (0-28% pp-hn), while future lens cells are
found slightly more posterior (8-36% pp-hn). Precursors for both placodes reach out
into the lateral epiblast as far as 50% of the width of half the neural plate (50% ml-
np).

At the 2-3-somite stage (HH7'/8), the anterior neural folds contain
precursors for all four tissues: nasal and lens placode, neural tube and epidermis
(Fig. 3). Nasal and lens precursors are found from the most anterior tip (0% anr-som)
to about one third of the distance between the first somite and the anterior neural
ridge (30% anr-som). The adjacent ectoderm contains a mixture of future olfactory,
lens and epidermal cells. While many cell groups contributed progeny to more than
one tissue (51/121; nasal and lens, nasal and epidermal, lens and epidermal or all
three), very few injections led to labelled cells in both the brain and the olfactory
placode (6/51) and none simultaneously contributed labelled cells to the lens and
the central nervous system.

Thus, precursors for both the olfactory and lens placode overlap in a large
region of the epiblast next to the anterior neural plate at head fold stages and
continue to do so in the anterior neural folds and the adjacent ectoderm until early
somite stages. Cells just inside the neural folds occasionally contribute to olfactory

placodes, but the majority contributes to the neural tube only.
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From stage HH 8 onwards, prospective nasal cells begin to accumulate in the

anterior neural folds and adjacent ectoderm, while lens precursors concentrate in the
lateral ectoderm that will come to overlie the optic vesicle. At this stage, very few
dye injections contributed cells to both placodes. Over the next few stages the
separation of lens and nasal precursors continues until it is complete at the 10-somite
stage (HH 10): prospective lens cells are located in the ectoderm adjacent and dorsal
to the optic vesicles and presumptive nasal cells have converged to the most anterior

ectoderm surrounding the open neuropore.

2.3B Extensive cell movements lead to the segregation of lens and nasal precursors

Our fate map analysis shows that lens and olfactory precursors originally
arise from a common domain shared by other ectodermal derivates. This raises the
intriguing question of how these cells become segregated over time. One possibility
is that cells divide and move randomly with no predisposition to a particular
ectodermal fate; those that end up close to the anterior neural tube receive signals
instructing them to differentiate into olfactory placode, while those that localise next
to the optic vesicle are induced to become lens. Alternatively, the two sets of
precursors may already differ before they start to migrate, and then move in a
directed manner to their appropriate locations in the presumptive olfactory and lens
domains.

To begin to distinguish between these possibilities, we performed a time-
lapse analysis of embryos from stage 7 or 8, which were then filmed for 12-14 hours
until they reached stages 10-11. We analysed 28 embryos, each with multiple Dil
injections on the left and right side within the common olfactory-lens precursor

domain as well as more caudally to facilitate comparison between different regions.
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In all cases, Dil-labelled cells moved extensively. Most cells tended to move

from lateral to medial towards the midline as the neural folds closed (Fig. 4A: t=300
min and t=375 min; white arrowheads; Fig. 4B: t=140 min; red arrowhead).
However, some labelled cells subsequently underwent extensive lateral movements,
generally directed towards the future lens territory at about stage HH 8"/9 (Fig.4A,
B green arrowheads). Analysis of the trajectories of cell groups (Fig. 4B and Fig. 5)
showed that after initially following a common track individual cell populations
often split such that one group moved more medially and the other laterally away
from the midline.

Those cells that remained medially often turned, at times abruptly, and began
moving rostrally towards the presumptive olfactory placode (Fig. 4B red dots and
arrowheads). Even from quite disparate injection sites at several different
rostrocaudal levels, we observed cells merging at the anterior tip of the embryo. This
suggests that at least some cells may move in a directional fashion towards the
presumptive olfactory placode, while others move towards the future lens.
However, other cells (e.g. those derived from the most rostral injections) underwent
little cell movement before becoming localised in the olfactory territory (Fig. 4B

white arrowheads).

2.3C Early co-localisation of Pax6 and DIx5 mRNA defines a common nasal-lens
territory, later separation of the PAX6 and DLX proteins correlates with
acquisition of placodal identity

In Drosophila, the homeobox transcription factor DIl and the paired domain
protein Ey are initially co-expressed in the eye-antennal disc; during the second

larval instar, however, a negative feedback loop acts to restrict DIl to the antennal
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and Ey to the eye primordium and establishes disc identity (Cohen et al., 1989; Dong

et al., 2000; Halder et al., 1995b; Kurata et al., 2000; Panganiban and Rubenstein,
2002; Quiring et al., 1994; Sunkel and Whittle, 1987). To test whether a similar
molecular mechanism might regulate the segregation behaviour of lens and
olfactory precursors observed in the time-lapse analysis, we investigated the
expression of DIx5 and Pax6 transcripts and of the proteins they encode in relation to
the separation of future lens and nasal cells.

The mRNAs of both genes overlap at the 1-2-somite stage (HH7) in the
anterior ectoderm (Fig. 6A, A’, D, D’), although expression appears to be mosaic
with some cells expressing high and others low levels of transcripts (Fig. 6A’, D’
insets). Like the lens and olfactory precursors, the Pax6 domain surrounds the neural
plate from its most anterior tip to about 35% of its length, while DIx5 expression
continues more posteriorly, to the level of Hensen’s node. Both transcripts extend
mediolaterally from the edge of the neural plate into the ectoderm for about 50% of
the width of half the neural plate. From stage HH8 onwards, the two expression
domains begin to separate: while Dix5 transcripts concentrate in the most anterior
neural folds and ectoderm, Pax6 remains expressed strongly in the neural folds and
the more posterior surface ectoderm (Fig. 6B, E). By stage 10, DIx5 expression is
confined to the most anterior tip of the surface ectoderm (Fig. 6F, F’), where Pax6 is
absent (Fig. 6C, C’). Thus, the region where DIx5 and Pax6 mRNAs are coexpressed
matches precisely the position where lens and nasal precursors reside at early
stages, and the expression domains separate as cells begin to segregate, suggesting
that the mechanisms that regulate differential transcription of these genes are

initially deployed as the two streams of cells separate.
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However, a slightly different result is obtained when examining the

distribution of Pax6 and DIlx proteins. At HH 7 the level of expression of both
proteins is extremely low (not shown) becoming robust at HH 8, when all cells in the
nasal-lens territory show high levels of DIx and Pax6 (Fig. 7A-C). Unlike the mRNA,
Dlx protein is maintained in presumptive lens cells until stage HH12/13 to
disappear from lens cells as soon as placode morphology is established. The lens
only contains Pax6’/DIx cells (Fig. 7G-H). Cornea precursors overlying the lens are
mainly Pax6"/DIx except for few double labelled cells in the periphery. In contrast,
the anterior ectoderm containing olfactory precursors retains DIx protein, while
losing Pax6 around stage HH 10 (not shown) and is clearly Pax6 once the placode is
formed (Fig.7H). Thus, rather than reflecting the separation of olfactory and lens
precursors (like the mRNA) the differential expression of DIx and Pax6 proteins
correlates with the acquisition of a particular fate (e.g. lens) and placodal

morphology.

2.3D Persistent expression of DIx5 regulates cell sorting

In the fly, DIl and Ey have been suggested to negatively regulate each other to
determine antennal versus eye disc identity (Kurata et al., 2000). To test whether
their vertebrate homologues have similar functions during nasal and lens placode
development, we maintained expression of DIx5 in lens precursors beyond the time
when they have normally lost it and investigated the effect on their differentiation,
localization or fate. If vertebrate placode development uses a molecular mechanism
akin to the one that operates in Drosophila imaginal disc formation, this would
predict that DIx5" future lens cells should lose their lens character and lens-specific

gene expression.
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The ectoderm containing lens precursors of HH 8-10 chick embryos was

transfected by electroporation with GFP control (pCAB-IRES-GFP) or DIx5 vector
(pCAB-DIX5-IRES-GFP). To investigate the behaviour of cells during the entire
process of lens formation embryos were grown for different times to reach early lens
placode or later lens vesicle stages (HH12-20). The location of electroporated cells
was monitored in whole mounts by their GFP expression. Numerous GFP* cells
were found within the lens of all control electroporated embryos (16/16; Fig. 8A, C,
D). In contrast, while DIx5"/ GFP" cells were abundant in the ectoderm overlying the
lens (future cornea), head epidermis and olfactory placodes, no DIx5'/GFP" cells
contributed to the lens itself in DIx5 electroporated embryos (2/23; Fig. 8E, G, H).
Most of the experimental embryos (22/23) showed either extremely small or
deformed lenses whereas controls looked normal. In addition, control electroporated
cells were well dispersed within the lens and head ectoderm, whereas DIx5
expressing cells were always found in clusters indicating that they display different
adhesive properties than their neighbours (compare insets in Fig. 8A and E).

To investigate the phenotype with better cellular resolution, all embryos were
sectioned and immunostained for GFP and the lens specific protein d-crystallin.
While both proteins are coexpressed in control electroporated embryos (Fig. 8B, D),
none of the DIx5"/GFP" cells in experimental embryos expressed §-crystallin (Fig.
8F, H). Occasionally, a single isolated DIx5"/GFP" cell was present in the lens;
however, these cells have lost lens morphology as well as §-crystallin expression
(not shown). Sections of embryos at stage HH12/13 revealed that DIx5"/ GFP"* cells
are excluded from the lens placode as soon as the cells develop the typical columnar

morphology (not shown). The sections also confirmed that lenses in DIx5
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electroporated embryos display abnormal morphology and are generally much

smaller than lenses in control embryos or on the contralateral side. Consequently,
optic vesicle formation was often severely disrupted (Fig. 8F, G). Thus, DIx5
expressing cells are never incorporated into the lens placode but are excluded from
it as soon as it forms, suggesting that down-regulation of DIx5 is an important
prerequisite for cells to adopt a lens fate. Furthermore, these results indicate that by
the time the proteins are differentially expressed, the transcription factors DIx5 and
Pax6 may regulate cell sorting events to ensure that cells with the incorrect

expression profile do not end up in inappropriate placodes.

2.4 Discussion

2.4A A common territory for lens and olfactory precursors

In a 3-day-old chick embryo, the olfactory and lens placodes are clearly
separate entities adjacent to the ventral forebrain and the optic vesicle, respectively.
Here, we report that at earlier stages precursors for both structures are extensively
mixed and occupy a common domain surrounding the anterior neural plate at head
fold stages and only begin to separate at early somite stages. Therefore, this finding
differs from earlier fate and specification maps (Carpenter, 1937; Kozlowski et al.,
1997; Rohlich, 1931; Rudnick, 1944) from amphibians, fish and amniotes reporting an
early segregation of lens and nasal cells into distinct domains. In zebrafish, in
agreement with our findings, future olfactory cells converge from a large field
towards their final position in the placode (Whitlock and Westerfield, 2000).
Although their co-localisation with lens precursors has not been reported, the

possibility that there is considerable overlap at earlier stages is not excluded.
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It has been suggested that olfactory precursors arise from the neural territory

either from isolated cell groups that migrate away from the neural plate (Farbman,
1992; Verwoerd and van Oostrom, 1979) or from a large territory surrounding the
future telencephalon (Whitlock and Westerfield, 2000). Similarly, an earlier fate map
using chick-quail chimaeras localised the presumptive olfactory placode to a very
small domain within the neural folds at the 3-4 somite stage (Couly and Le Douarin,
1985; Couly and Le Douarin, 1987). In contrast, our data show that the majority of
nasal precursors arise from the non-neural ectoderm in close association with future
lens cells. In fact, while single injections into the neural folds at early somite stages
often contribute to the olfactory and lens placode or to these placodes and surface
ectoderm, only a negligible number of labelled cell groups give rise to progeny in
both the neural tube and the nasal placode. Even at earlier stages, there is only
limited mixing of future neural, lens and olfactory cells. Therefore, the segregation
of neural from olfactory and lens progenitors is almost complete by early somite
stages.

Genetic evidence suggests that not only do nasal and lens precursors share a
common origin, but they also may use similar molecular pathways for their initial
specification (Grindley et al.,, 1995; Quinn et al., 1996; van Heyningen and
Williamson, 2002; Walther and Gruss, 1991; Wawersik et al., 2000; Xu et al., 1997).
Pax6 expression clearly matches the nasal-lens territory at head fold stages. Mice
lacking Pax6 function never form nasal or lens placodes (Grindley et al., 1995),
suggesting that Pax6 is required at early stages of their development, perhaps at the
time when the common territory is specified. Afterwards, the molecular events that

control differentiation of each placode seem to diverge. While the lens maintains



40
Pax6 expression throughout development, olfactory precursors lose Pax6 at

intermediate stages before re-acquiring it at late placode stages.

2.4B Specification of lens and olfactory precursors parallels the formation of the
eye-antennal imaginal disc of Drosophila

Like the nasal epithelium in vertebrates, the insect antenna contains olfactory
receptor cells responsible for odour discrimination. The DIx-protein DIl and the Pax6
homologue Ey are initially co-expressed in the eye-antenna disc; however, by the
time the eye and antennal primordia become distinct, Ey expression is restricted to
the eye, while DIl is only found in the antennal anlage (Kumar and Moses, 2001a;
Kumar and Moses, 2001b). Indeed, these transcription factors negatively regulate
each other (Kurata et al., 2000) and are required to establish eye and antennal
identity, respectively (Cohen et al., 1989; Dong et al., 2000; Halder et al., 1995;
Panganiban and Rubenstein, 2002; Quiring et al., 1994; Sunkel and Whittle, 1987); for
review: (Gehring, 1996; Kumar and Moses, 2001c). In the chick the situation is
comparable: the co-expression of DIx5 and Pax6 transcripts precisely matches the
common lens-olfactory territory. Their expression domains separate just as lens and
nasal precursors segregate, with DIx5 concentrating nasally and Pax6 accumulating
in the lens.

Based on these observations, an intriguing possibility is that these two factors
control the process of segregation as well as the directional movements observed in
films. However, analysis of DIx and Pax6 proteins reveals that both factors remain
co-expressed for much longer and DIx is only lost from lens cells when the placode
is established as a morphological entity, suggesting that these factors are unlikely to

confer placodal identity until the time of placode formation. In agreement with this,
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maintenance of DIx5 protein in future lens cells results in the loss of lens

morphology and lens specific gene expression, and the cells themselves fail to
incorporate in the forming lens. Interestingly, in a complementary experiment Pax6°
/~ cells in mouse chimaeras sort out from neighbouring wild-type lens cells
(Collinson et al, 2000). Together these observations suggest that the loss of Dlx
protein is essential for lens cells to acquire lens identity, reminiscent of how eye and

antennal disc identity is conferred in the fly.

2.4C Do Pax6 and DIx5 regulate cell sorting at placode stages?

The observations that lens cells that are forced to maintain DIx5 expression
(this study), as well as Pax6”" cells in mouse chimaeras (Collinson et al, 2000) are
expelled from the developing lens indicate that at the time of placode formation
Pax6 and DIx transcription factors regulate a cell sorting event to ensure that only
cells with appropriate fates are included in the lens. Indeed, Pax6 is known to
regulate cell adhesive properties (Chalepakis et al., 1994; Davis et al., 2003; Stoykova
et al., 1997; Tyas et al., 2003). Similarly, in the leg imaginal disc in Drosophila, DII""
clones segregate from their DIl-positive neighbours (Gorfinkiel et al., 1997;
Panganiban and Rubenstein, 2002; Wu and Cohen, 1999). Thus, it is likely that the
control of adhesive properties by these transcription factors is important for placode

formation.

2.4D Extensive cell movements as a general feature of placode development
Our findings reveal that extensive cell movements accompany the formation
of both the lens and olfactory placode in the chick embryo. In addition, individual

cells or cell groups constantly change their neighbours until a homogeneous domain
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of presumptive lens or olfactory cells is formed. Similar movements and cell

rearrangements have recently been described during the formation of the chick otic
(Streit, 2002) and of the zebrafish olfactory placode (Whitlock and Westerfield, 2000),
raising the possibility that this is a general feature of placode formation.

From within a large pre-placodal domain next to the anterior neural plate,
precursors for specific placodes converge to their final position while undergoing
constant cell rearrangements. How do these cells segregate? One possibility is that
cell movements are random and that only cells that happen to encounter
appropriate inducing signals are directed towards a specific fate. An alternative is
that cells move directionally to their final destination and/or sort out from their
neighbours due to differential properties. The findings that some cells like lens (this
study) and otic precursors (Streit, 2002) seem to move against the mainstream
(laterally away from the neural tube and midline) suggests that directional cues may
govern their behaviour.

As discussed above, Pax6 and DIx5 appear to act late, perhaps in connection
with the acquisition of specific fates, rather than early to control the segregation
behaviour of lens and nasal precursors. On the other hand, in situ hybridisation
reveals mosaic expression and more importantly an early bias of mRNA distribution
for both factors at the time when streams of future lens and olfactory cells start to
diverge, suggesting that the upstream regulatory mechanisms that govern both
migration and the differential expression of these factors are deployed very early.
Taken together, our study suggests that cells within the common placodal territory
may have an early bias towards a specific placodal fate, which is subsequently
reinforced by a combination of two mechanisms: local signals to control gene

expression, including which factor wins over the other in a tug-of-war (as in the fly),
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and cell sorting mechanisms, which leads to incorporation into appropriate placodal

territories.
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Figure 2: Examples of Dil and DiO labelled embryos.

Small cell populations in the ectoderm of embryos at different developmental stages were
labelled with Dil and DiO in the positions indicated in the diagrams (A’’- F’”). The embryos
were grown until stage 15-18 when both the nasal and lens placode can be identified by their
morphology. A, A’, A’’ a cell population labelled at stage 7 just outside the neural plate
(A”’) gave rise to progeny in both the lens and the nasal placode (A, A’). B, B’, B’ two cell
populations in a 2-somite embryo were labeled at the same anteroposterior level, but in
different mediolateral positions (B’”). Both labels contributed to the olfactory placode (B, B’)
and surface ectoderm, while only Dil labelled cells (red) gave rise to lens cells. C, C’, C”’
groups of cells in a 5-somite embryo were labelled at different anteroposterior levels (C”’).
Both Dil (red) and DiO (green) labelled cells populated the lens (red; C, C’) as well as the
nasal placode; DiO labelled cells are also found in surface ectoderm. D, D’, D’ two cell
populations were labelled at the 7-somite stage (D’’). Dil labelled cells gave rise to the lens
and surface ectoderm (Red; D, D’), while DiO labelled cells contributed to the nasal placode
and the adjacent ectoderm (green; D). Note: DiO label in the eye is confined to optic vesicle
derived cells and are due to accidental labeling of the vesicle underlying the surface
ectoderm. E, E’, E*> when labelled at the 9-somite stage cells in the anterior ectoderm give
rise to the olfactory placode and surrounding ectoderm (E, E’’). F, F’, F’’ show an embryo
labelled in the ventral ectoderm at the 11-somite stage (ventral view in F’’). DiO labelled
cells close to the anterior neuropore contributed to the olfactory placode (F, F’), while Dil
labelled cells further away populated the ectoderm of the 1% branchial arch (F). A’, B’, E’
and F’ show sections through the nasal placode of the embryos shown in A, B, E and F,
respectively; C’, D’ represent sections through the lens of the embryos shown in C and D,
respectively.
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Chapter 3

Single cell lineage analysis of olfactory and lens placode precursors
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3.1 Introduction

The lens of the eye and the olfactory epithelium of the nose are both
derivatives of sensory placodes. The nasal placode develops anterior to the eye and
in fairly close proximity to it. Not only do lens and nasal placode precursor cells
arise from a common population of cells, they also share the expression of certain
molecular markers, such as Pax6 and DIx5 before they form morphologically distinct
placodes. To determine whether single cells at early neurula stages could give rise to
both cell types, we decided to follow the lineage of individual cells in the shared
lens-olfactory territory. We achieved this goal using the most direct method, by
intracellularly injecting a cell with high molecular weight rhodamine dextran
(Fraser, 1996, Stern and Fraser, 2001). This technique has been used with much
success in the analysis of neural crest lineages (Bronner-Fraser and Fraser, 1988,
Bronner-Fraser and Fraser, 1989), in determining the multipotency of retinal cells
(Wetts and Fraser, 1989), and in following the segmentation of the somatic
mesoderm (Stern et al, 1988).

Our results suggest that individual cells in the common lens and olfactory
region are restricted in their cell fate decisions at HH stage 6: they either contribute

to the olfactory epithelium or to the lens, never to both.

3.2 Materials and methods

3.2A Sing]le cell injections
Injecting electrodes were made from heat pulled aluminosilicate glass

microcapillaries (A-M systems) using a horizontal Sutter electrode puller.
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Aluminosilicate glass is preferred over borosilicate for this purpose as it is harder,

has improved chemical durability, reduced electrical conductivity and a lower
coefficient of thermal expansion. Also, aluminosilicate glass can be drawn to
produce very fine tips. To allow for a wide bore but very fine tip, the electrodes
were pulled in two steps: first high heat was applied for a short time and then lower
heat was applied and the needle pulled apart. The electrodes were back-filled with
1ul of 10 kDa rhodamine dextran. High molecular weight rhodamine dextran does
not pass through gap junctions and leak into neighbouring cells; hence, it is required
for unambiguously labeling a single cell. Just prior to injecting, the rhodamine
dextran in the electrode was overlaid with 1.2M LiCl. The electrode is then placed in
the electrode holder reservoir and the reservoir is similarly filled with 1.2M LiCl to
complete the circuit.

Once the electrode is prepared, the egg is opened and India ink diluted 1:20 is
injected in the sub-blastodermal cavity to visualize the embryo. A ground electrode
is placed in the egg white via a small hole in the shell. The position of the crosshairs
in the eyepiece of the microscope is adjusted such that it is on the site to be injected.
The embryo is lowered such that it is out of focus. The electrode is then brought in
and the very tip of the electrode is focused at the centre of the cross-hairs. The
embryo is then focused upon using the fine focus and the electrode is lowered using
the coarse controls. Once the electrode is in the Ringer’s solution bathing the
embryo, a trace on the oscilloscope is evident. The resistance of the electrode is
measured. A tip resistance on the order of 20-30 MQ is indicative of a sharp
electrode and can be used to penetrate the cell membrane of a single cell. The
electrode is then slowly lowered towards the embryo using fine controls. An

increase in noise is noted as the electrode approaches the embryo. The electrode is
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“rung” by very quickly turning the capacitance knob. If the electrode enters a cell, a

drop in the voltage, ranging from 10-40 mV is noted. The dye is then released into
the cell by injecting 4nA of current for 5 seconds. The electrode is then quickly
removed from the cell and the oscilloscope trace should return to its ground value.
The success of the injection is then verified using epifluorescence. If fluorescence
was clearly visible, the eggs were sealed using Scotch tape. Signals were amplified
using an intracellular amplifier and electrical activity was observed on an
oscilloscope. The experimental set-up is shown in Figure 1A. Embryos were
harvested 24- 48 hours later and fixed in 4% paraformaldehyde overnight at 4°C.
Approximately 90% of the embryos survived 24 hours later (96 out of 131 embryos

injected).

3.2B Histology

Fixed embryos were washed several times in PBS and then scored for labeled cells in
the head region using an upright Zeiss Axiophot fluorescence microscope. Labeled
embryos were photographed using an Axiocam digital camera attached to the
fluorescence microscope. Some of these embryos were then processed for
cryosectioning. The embryos were equilibrated in PBS containing 5% and 15%
sucrose before being embedded in 7.5% gelatin (300 bloom, Sigma) and 15% sucrose.

The embryos were sectioned at 10 um and the slides stored at 4°C.

3.2C Immunocytochemistry
Chick embryos from HH stages 5-10 were collected and the vitelline

membrane removed. The embryos were fixed in 4% paraformaldehyde overnight at
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4°C. After fixation, the embryos were rinsed and washed several times in PBS.

Whole mount immunocytochemistry was begun by blocking the embryos in 10%
donkey serum in PBS containing 0.1% BSA and 0.1% Triton-X-100 for 2 hours at
room temperature. The primary antibody, a rabbit polyclonal antibody against
phosphohistone H3 was used at a dilution of 1:5000 in the blocking solution and was
applied overnight at 4°C. Secondary antibody (goat anti-rabbit Alexa 568) was used
at a dilution of 1:1000 in blocking solution. Extensive washes with PBS were carried
out after each antibody application. Embryos were mounted in PBS and
photographed on an upright Zeiss Axiophot fluorescent microscope.

Slides with sections through embryos were degelatinised by soaking in PBS
warmed to 42°C for 5-10 minutes. Neurofilament (1:250) and BIII-tubulin were
diluted in blocking buffer as the primary antibodies with a goat anti-mouse IgG
Alexa 488 used as the secondary antibody to detect both primary antibodies. Several
washes with PBS containing 0.1% Tween were carried out after each application of
antibody. Slides were finally rinsed in distilled water before being mounted in

Permount containing 10ug/ml DAPI, a nuclear stain.

3.3 Results and discussion

The previous chapter details the generation of a fate-map of the chick
olfactory and lens placodes from HH stage 6-10 by Dil and DiO labeling small
populations of cells. This fate-map reveals the origin of olfactory and lens placode
precursor cells from a shared territory at the border of the anterior neural plate at
HH stages 6-8. A single injection (on average comprising 10-30 cells) at these stages

can contribute to both olfactory and lens placodes in addition to epidermal cell
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types. Does this reflect the potency of cells at the single cell level or is it simply that

each labeled cell population is made up of single cells that are already fated to
contribute to one particular tissue type? To address this question, we chose to inject

single cells in the common olfactory-lens region from stages 6-8.

3.3A Single cells injected in the common lens-olfactory domain from stages 6-8

give rise to either olfactory epithelial cells or lens cells but not both

Single cell injections were first attempted in the dorsal neural tube in order to
learn the technique (Fig. 1B). A clone of neural crest cells derived from one such
injection is documented in Fig. 1B. We next attempted labeling single cells in the
shared olfactory-lens region. An electrode of high resistance (20-30 MQ) is crucial for
efficient penetration of the cell without going through the epiblast or ectoderm to
the layer of cells below. Of the 96 surviving embryos, only 22 had detectable label
when analyzed in whole mount under a fluorescent microscope. Embryos injected at
stage 6 produced clones that spanned multiple tissue types. More medial injections
(closer to the midline of the embryo) gave rise to cells in the forming olfactory
placode (Fig. 2A) and in the forebrain (seen in sections through this region, data not
shown). Slightly more lateral injections produced cells in the lens and neighbouring
ectoderm (Fig. 2B).

By HH stage 8, clones derived from single cells contribute exclusively to the
olfactory epithelium or the lens (Fig. 3A, E). In sections through the olfactory
epithelium, rhodamine dextran can be seen in olfactory sensory neurons, which are
visualized through their expression of neurofilament and BIII-tubulin (Fig. 3B-D).

While an accurate estimation of clone size has not been undertaken, an
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approximation suggests that cells at the border of the anterior neural plate at stages

6-8 undergo cell division at the rate of 1 every 4-6 hours. This is considerably faster
than a previous estimate of 10 hours per round of cell division in the ectoderm
(Smith and Schoenwolf, 1987), though cell death has not been taken into account in
this calculation. Interestingly, clones of cells derived from a single cell do not
disperse throughout the area but rather form compact streams of cells inspite several

rounds of cell division and fairly vigorous morphogenetic movements taking place.

3.3B Distribution of mitotic figures between HH stages 6-10

To determine if there is a differential distribution of cells undergoing mitosis
between stages 6-10, the developmental stages at which the fate-map was
constructed, we immunostained embryos in whole mount preparations. Counting
cells in a given area of the anterior of the embryo versus the posterior did not
suggest a significant difference in the number of cells undergoing mitosis (Fig. 4).
However, this technique does not allow a determination of cells in S-phase; hence it
is possible that the total number of cells entering the cell cycle may be higher in the
anterior of the embryo. The immense morphogenetic movements occurring in the
region of the head might be due to a higher density of cells in the head as compared
to the trunk and/or it may be a result of the intrinsic property of cells in these

disparate regions.

Our fate map study of the chick olfactory and lens placodes suggested that

the precursors for these embryonic cell populations arise from a common territory at
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the border of the anterior neural plate between HH stages 6-8. To determine whether

individual cells at these stages are already fated to contribute to a single sensory
structure, we injected single cells at these stages and analyzed the resultant clones.
Our data indicate that single cells at HH stage 6 are pluripotent and can contribute
to neuroepithelial and olfactory cells or to epidermal and lens cells. We found no
evidence for cells giving rise to progeny both in the lens and the olfactory
epithelium. By HH stage 8, clones derived from single cells contributed exclusively
to the olfactory epithelium or to the lens. One obvious caveat in this study is the
small number of embryos analyzed. While 131 embryos were injected, only 22 were
found to found to have detectable label most likely as a consequence of death of the
cells that were injected. Given that the area encompassed by the common lens-
olfactory domain likely contains hundreds of cells, a large number of embryos
would need to be analyzed to definitively rule out the possibility of common lens
and olfactory progenitor cells. Additionally, unlike in C. elegans, cells in the chick
embryo do not occupy an invariant position and consequently do not have an
invariant lineage.

When single cells in zebrafish were labeled at slightly older stages (equivalent
to chick HH stage 8+), mixed clones containing both telencephalic and olfactory
placode cells were never found in contrast to our findings, although a few clones did
give rise to both the olfactory organ and the anterior pituitary (Whitlock and
Westerfield, 2000). More recently, it has been found that single precursor cells at bud
stage in zebrafish (equivalent to chick HH stage 7) are destined to contribute to
either olfactory, lens or pituitary placode (Dutta et al., 2005). Possibly, cells in this
most anterior region of the embryo are lineage-restricted early in development.

Interestingly, inspite of this high degree of specification seen at a single cell level
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very early in development, these precursors are found to intermingle in a shared

area (Dutta et al., 2005, Bhattacharyya et al., 2004, Whitlock and Westerfield, 2000).
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Chapter 4

Spatiotemporal competence and commitment of ectoderm during the

induction of the olfactory placode
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4.1 Introduction

Cranial placodes were first observed over a century ago and since then have
been empirically defined as localized regions of thickened columnar epithelium that
give rise to the paired sense organs of the nose, the lens and the inner ear in addition
to contributing to various cranial ganglia (van Wighe, 1883; Baker and Bronner-
Fraser, 2001; Schlosser and Northcutt, 2000; Graham and Begbie, 2000). Of the three
sensory placodes —the olfactory, the lens and the otic— the study of the lens
placode has the longest tradition, starting with the characterization of lens induction
from an embryological standpoint. In fact, lens induction has often been exemplified
as a paradigm for embryonic induction (Grainger, 1992). Both lens and otic placode
induction have received much attention as these structures form morphologically
distinguishable landmarks relatively early (within the first two days of development
in avians) in the embryo. Recently, with the advent of molecular tools, genetic
networks operational in both lens and otic placode induction have begun to be
characterized. The olfactory sensory system on the other hand has been examined at
substantially later time points. The olfactory epithelium makes an attractive model
system for studying neurogenesis as the olfactory sensory neurons are regenerated
for the duration of the lifetime of an organism (Farbman, 1992; Farbman, 1994). In
addition to giving rise to the olfactory sensory neurons that are responsible for our
perception of smell, the olfactory epithelium also gives rise to specialized
neuroendocrine cells, known as the gonadotropin-releasing hormone (GnRH)
neurons (Wray, 2002; Parhar, 2002) and pheromone receptor neurons in the
vomeronasal organ (Dulac, 1997). The role of various extracellular growth factors
and intracellular transcription factors has been defined in the differentiation of the

olfactory epithelium, particularly along the olfactory sensory lineage (Gordon et al.,
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1995; DeHamer et al., 1994; Calof et al., 1996; Calof et al., 1998; Guillemot et al., 1993;

Guillemot, 1995; Cau et al., 1997, Cau et al., 2000; Cau et al., 2002). The molecular
mechanism by which these neurons project to the olfactory bulb has also been
elucidated in much detail in many elegant studies (Vassar et al., 1994, Mombaerts et
al., 1996; Wang et al., 1998). However, the investigation of the initial creation of this
complex structure has largely been ignored.

This has been due in part to the more intangible development of the olfactory
placode. The placode, though it is present as a thickening at HH stage 14 (by which
time, the other sensory placodes have begun to differentiate), it is still not easily
distinguishable until 8 hours later. Till recently the only fate-map available for this
placode was at HH stage 8 (3-4ss) (Couly and Le Douarin, 1985) at which time point,
the precursors are found to straddle the lateral edge of the anterior neural folds and
the adjacent ectoderm. In the intervening stages of development (stage 8+-14), the
exact location of these precursor cells was unclear. This in turn impeded the
identification of molecular markers of these cells at stages prior to its morphological
identification. With the generation of a more complete fate-map (Bhattacharyya et
al., 2004), it has now been possible to compare it with gene expression patterns to
identify potential molecular markers of the olfactory placode. We show here that at
different stages, Pax3, Pax6, DIx3 and DIx5 can serve as molecular guideposts of
olfactory placode precursor cells.

We further wished to understand how and when the nasal structure is first
induced. To investigate these issues, we examined the competence of embryonic
ectoderm to form the olfactory placode and the time at which this placode was
determined as regards its cells” fates. The terms of competence and determination

are operationally defined and hence our experimental approach has been dictated
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by these definitions. Competence has been described as “the total of all pathways of

development of a cell or tissue region which can be achieved by exposure to
environments present within the embryo” (Slack, 1991). Competence to form the
olfactory placode was addressed by grafting ectoderm from different axial levels to
the anterior neural fold at stage 8. Cranial and trunk level ectoderm are capable of
responding to olfactory placode inducing signals by expressing DIx3 and Pax6 and
subsequently contributing to the olfactory epithelium. However, hindbrain and
trunk level ectoderm lose the ability to express DIx3 and Pax6 between stages 9-10.
Determination is sometimes divided into two phases: a more labile phase of
specification and an irreversible one of commitment. Specification has been
experimentally defined as “commitment of a cell or tissue region which is
manifested on culture in a neutral medium but may still be reversible” whereas
commitment is the “aspect of the intrinsic character of a cell or tissue region which
causes it to follow a particular pathway of development or fate” (Slack, 1991). We,
therefore, examined the specification of the presumptive olfactory placode ectoderm
to express Pax6 and DIx3 and form neurons by culturing this tissue from various
stages in three-dimensional collagen gel matrices, in order to determined the time by
which induction had occurred. We observed that presumptive olfactory placode
ectoderm is specified to express Pax6 and DIx3 between stages 10-12 whereas
neuronal specification occurs shortly thereafter. Thus, induction is complete even
before the placode becomes morphologically visible. Finally, we determined the
time at which the presumptive olfactory placode ectoderm is irreversibly committed
to its fate by grafting this tissue at different stages to the trunk lateral plate ectoderm
at stage 8/9. Commitment to an olfactory placode fate takes place by stage 15 as

assayed by expression of DIx3 and Pax6. These results show that development of the
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olfactory placode is a step-wise process whereby signals from adjacent tissues (the

forebrain and the prechordal mesoderm have been suggested as sources) induce the
placode at or before stage 10 when the olfactory precursors have segregated from
their neighbours to form a homogenous population of cells. While an initially broad
region of ectoderm has the ability to form the olfactory placode, this ability is
restricted as a function of time to allow for the positioning of the nasal cavity

specifically at the very anterior end of the embryo.

4.2 Materials and methods

4.2A Quail-chick grafts

Fertilized chick (Gallus gallus domesticus, White Leghorn and Rhode Island
Red) and quail (Coturnix coturnix japonica) eggs were obtained from a local
commercial supplier (AA Labs, Westminster, CA, USA). Fertilized Spafas eggs were
obtained from Charles River Laboratories, Roanoke, IL, USA. The eggs were
incubated at 38° C in a humidified atmosphere until the desired stage was reached
as per the Hamburger-Hamilton table. Donor and host embryos were visualized by
cutting a window in the shell and injecting India ink diluted 1:20 or blue vegetable
dye diluted 1:10 with Ringer’s solution or Hank’s buffered saline solution, under the
blastoderm. To expose the region to be dissected in both, host and donor embryos,
the overlying vitelline membrane was removed using a finely sharpened tungsten
needle. Most stage 10 or older embryos were explanted and enzymatically treated to
remove contaminating tissues: in the case of the cranial level ectoderm, the
accompanying neural crest cells and in the case of the presumptive olfactory placode
ectoderm, the subjacent mesenchyme and forebrain tissues. For the clean removal of

the presumptive olfactory placode ectoderm, the embryos were treated with
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1mg/ml dispase in DMEM (Boehringer Mannheim) (30 minutes on ice, 10 minutes

at 37°C) or a combination of 1mg/ml dispase and 0.25% trypsin (30 minutes on ice,
10 minutes at 37°C) or 0.2 %-0.25% collagenase (Worthington) dissolved in
Dulbecco’s PBS (Gibco-BRL) (20 minutes at 37°C). Of these, 0.2% collagenase
worked best. Cranial level ectoderm was dissected from explanted quail embryos
that were treated with 1 mg/ml dispase. All embryos were washed in Ringer’s
solution to remove any traces of the enzyme and then allowed to recover in PB1
medium on ice for at least 30 minutes. After recovery, the embryos were placed in
Ringer’s solution and the ectoderm dissected out using a pulled glass needle. In
younger embryos, the ectoderm of interest was simply dissected in ovo using a
pulled glass needle. The dissected or explanted ectoderm was immediately grafted
into a host embryo in which the graft site was already prepared. The graft was
transferred from the donor to host embryo with a glass mouth pipette. While
rostrocaudal or mediolateral orientation of the grafts was not preserved, all grafts
were positioned in the correct inside-outside orientation. After grafting, the host
eggs were sealed with Scotch tape and returned to the incubator for 48-72 hours. The
surviving embryos, a total of 309 (on average 60% of the embryos) were collected in
Ringer’s solution and fixed in 4% paraformaldehyde for 2 hours at room

temperature or 4°C.

4.2B Collagen gel explant cultures
Quail embryos from Hamburger-Hamilton (HH) stages 6-21 were collected in
Ringer’s solution and stored on ice. Small pieces of HH 6-8 anterior neural fold and

HH 9-21 presumptive olfactory placode ectoderm or olfactory epithelium were
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dissected free of surrounding tissue. For older embryos (HH 9-21), the heads were

treated with 0.25% trypsin in DMEM or 0.2% collagenase in Dulbecco’s PBS for 20
minutes at 37°C to ensure adequate removal of adherent mesenchymal and
forebrain tissue. Additionally, 1 mg/ml dispase was included in the Ringer’s
solution for the dissection of older embryos. After enzymatic treatment, the
ectodermal explants were rinsed thoroughly in Ringer’s solution and PB1 and the
explants were stored in PB1 medium on ice while the remaining embryos were
being dissected. Collagen gels were prepared by combining 90 ul of collagen
(Collaborative Research) with 10 ul of 10X DMEM in the presence of 0.375% sodium
bicarbonate. The collagen was allowed to solidify for 20 minutes at room
temperature as 10 uL gels in 4-well tissue culture plates. Once the gels had set, the
tissue pieces were transferred to the surface of these gels and overlaid with 5 uL of
collagen. Following uniform solidification, the gels were submerged in 0.5 ml of F12-
N2 medium and incubated at 37°C in the presence of 5% carbon dioxide for 24-48
hours. The collagen gels were then fixed in 4% paraformaldehyde overnight at 4°C

for immunostaining.

4.2C Immunocytochemistry

Fixed embryos and collagen gels were equilibrated in PBS containing 5% and
then 15% sucrose before being embedded in 7.5% gelatin (300 bloom, Sigma) and
15% sucrose. 10 um sections were mounted on Superfrost® Plus glass slides (Fisher)
and stored at -20°C. Sections were degelatinised in PBS at 42°C for 5-10 minutes
prior to being blocked with PBS containing 0.1% BSA, 0.1% Triton-X-100 and 10%

heat inactivated donkey serum. Primary antibodies were diluted in blocking
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solution and applied overnight at 4°C while secondary antibody staining was

performed for 2 hours at room temperature. Slides were rinsed twice and washed

three times in PBS after each application of antibody. Finally, slides were rinsed

several times in distilled water before being mounted in Fluromount-G (Southern

Biotechnology) or in Permount containing 10ug/ml DAPI. For grafted embryos, two

successive rounds of immunostaining were carried out: first to determine those in

which the quail grafts had incorporated in the correct location (approximately 33%

of the surviving embryos) and subsequently, these embryos were scored for PAX6

and DLX3 expressing quail cells. The primary antibodies used in the study include:

1.

QCPN IgG1 monoclonal antibody (DSHB, University of lowa, USA) at a
dilution of 1:1,

a rabbit polyclonal antibody to PAX6 (Covance) at 1:100,

a goat polyclonal antibody to DLX3 used at 1:1500 or at 1:150 if preadsorbed
to chicken liver acetone powder (as described below),

a rabbit polyclonal antibody that recognizes all DLX family proteins (courtesy
of Dr. Jhumku Kohtz, Northwestern University, USA),

Hu IgG2b monoclonal antibody (Molecular Probes) at 1:250,

a rabbit polyclonal antibody against Olf-1 (courtesy of Dr. Randall Reed) and
the monoclonal antibody RMO 270.3 directed against neurofilament (Lee et

al, 1987, gift of Dr. Virginia Lee) used at 1:300.

Secondary fluorescent antibodies used in this study were purchased from Jackson

Immunochemicals and Molecular Probes (Alexa fluorophores).
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4.2D Antibody generation

The C-terminal region of the chick DIx-3 protein (aal85-aa278) was used to
raise an antibody that specifically recognizes the DIx-3 protein. This region was
amplified from pBluescript containing the entire coding sequence of cDIx3 (courtesy
Dr. Andy Groves) using PCR. Appropriate restriction enzyme sites were included in
the primers to allow cloning into the pGEX-KG vector (Pharmacia). The GST-DLX3
fusion protein was expressed in BL-21 cells using an IPTG inducible promoter and
purified using Glutathione Sepharose beads (Pharmacia) following standard
protocols outlined in Molecular cloning. A small-scale purification was performed to
determine the optimal temperature, concentration of IPTG and length of induction
time. Bacterial cultures induced with 0.25mM IPTG at 37°C or with 0.375mM IPTG
at 30°C for 4 hours gave sufficient yields of protein. Based on these criteria, the
Protein Expression Facility at Caltech carried out a large-scale preparation of the
fusion protein. Polyclonal antibodies were generated in goat by injecting 5 mg of the
fusion protein (Alpha Diagnostic Intl. Inc., San Antonio, TX). Western blots and

immunostaining were performed to confirm specific staining.

4.2E Western blotting

Purified GST protein, GST-DIx3 fusion protein and 10 d embryo extract were
run out on a 12% SDS-PAGE gel for 1 hour at 140V at constant voltage. The proteins
were then transferred onto nitrocellulose paper at 80 V for 2-3 hours on ice. The blot
was blocked for 2 hours at room temperature in 5% milk in TBS-T buffer. The DIx3
antibody was applied at a dilution of 1:1000 or 1:1500 overnight at 4°C. The blot was

then washed extensively in TBS-T before applying the secondary antibody at a
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dilution of 1:2000. The blot was again washed thoroughly before using the ECL

Chemiluminescent kit to detect the proteins.

4.2F In situ hybridization

Whole mount in situ hybridization was performed according to protocols
developed by Dr. David Wilkinson (In situ hybridization: a practical approach).
Probes were generated from cDNAs for DIx3 (courtesy Dr. Andy Groves), Pax3,

Pax6 and DIx5 (courtesy Dr. Michael Kessel).

4.3 Results
4.3A Molecular markers of the olfactory placode

Of the cranial sensory placodes, the nasal or olfactory placode is the last to
undergo thickening to form a clearly discernible morphological structure at HH
stage 14-15. The developmental progression from “naive” epiblast to the self-evident
olfactory placode encompasses approximately 52 hours since the egg is first laid.
Significant changes occur in the number of cells, the position of cells with respect to
each other and their molecular signatures over this time-span. To follow the
presumptive olfactory placode cells, we analyzed the spatiotemporal expression
patterns of a number of genes to determine those whose expression might reflect the
acquisition of olfactory fate. These can be divided into two categories: genes that
mark the presumptive olfactory placode cells in addition to various other head
structures and genes that mark the anterior of the embryo and hence mark the
olfactory placode as well (Otx2 and Six3, data not shown). We describe here the

expression pattern of four genes that label presumptive olfactory placode cells.
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Homeodomain transcription factors of the DIx family (Panganiban and

Rubenstein, 2002), DIx3 (Pera and Kessel, 1999) and DIx5 (Pera et al., 1999) , and the
paired domain transcription factors, Pax3 and Pax6 are expressed in the
presumptive olfactory placode. DIx5 and Pax6 expression overlap in the common
olfactory-lens domain in the anterior ectoderm proximal to the neural plate at stage
6 (Bhattacharyya et al., 2004). Their overlap is maintained until just prior to stage 10
when DIX5 is upregulated in the presumptive olfactory precursors and Pax6 is
down-regulated in these cells. DIx3 expression while absent from the anterior neural
folds and adjacent ectoderm at HH stage 8 (Fig. 1A, B), is strongly up-regulated in
the olfactory placode precursors at stage 10 (Fig. 1C, D), at the same time as DIx5.
However, it is also expressed throughout the cranial ectoderm at lower levels at this
stage (Fig. 1C, D). This expression is refined over time to a region in the midline of
the ventral portion of the head ectoderm (Fig. 1E, F). Ultimately, in the head, DIx3 is
found exclusively in the olfactory and otic placodes and in the neural crest derived
branchial arch derivatives (Fig. 2C). Like DIx3, DIx5 is expressed in both the
olfactory and otic placodes at HH stages 19-20 (Fig. 2B).

Pax6 though initially expressed in the olfactory and lens precursor region
(Fig. 1I), is interestingly down-regulated in the presumptive olfactory placode
ectoderm from stage 10 onwards (Fig. 1J,K). Its expression is revived only once the
olfactory placode has formed (Fig, 1L). By HH stages 19-20, Pax6 is expressed in
both the lens and nasal epithelium (Fig. 2A). However, it is not expressed uniformly
throughout the nasal epithelium, Instead, its expression is more pronounced in the
aboral and lateral parts of the epithelium (Fig. 2A"). Unlike Pax6, Pax3 is strongly
expressed in olfactory placode precursor cells from HH stage 9 onwards (Fig. 1G,H,

Fig. 2D). Its expression is relegated to the aboral portion of the olfactory epithelium
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(Fig. 2D’). It is also expressed in another placode-derived structure, the trigeminal

ganglion (Fig. 2D). As is evident, all the genes mentioned above are not uniquely
expressed in the olfactory placode; in fact, all of them are expressed in one other
placode and its derivative: Pax6 in the lens, DIx3 and DIx5 in the otic placode and
Pax3 in the trigeminal placode. However, the combined expression of these genes by

HH stage 19 is a singular feature of the olfactory placode.

4.3B D1x3 and Pax6 proteins are co-expressed in the olfactory placode

In order to better determine the colocalisation between the Pax6 and DIx3
proteins, we generated a polyclonal antibody against the C-terminal portion of the
DIx3 protein. The C-terminal region was used, as it is the most dissimilar between
the six DIx family members. The GST fusion protein was purified using glutathione
sepharose beads and standard protocols (Fig. 3B). The polyclonal antibody raised
against the fusion protein was used to probe a Western blot (Fig. 4). The antiserum
detected both GST as well as the fusion protein (fig. 4B). This is due to GST also
raising an immune response in the animal; however, it could also be that the fusion
protein was recognized solely due to the presence of GST antibodies in the
antiserum. Multiple bands, including one at the right size for the native DIx3
protein, were detected in the embryo extract (fig. 4B, lane 6). As the Western blot
proved inconclusive, immunostaining of embryo sections was carried out. Using the
polyclonal antibody it was possible to recapitulate the DIx3 expression pattern. By in
situ hybridization, large amounts of the DIx3 transcript are detected in the otic
placode at HH stage 10 (fig. 4C). Specific nuclear staining is observed in ectodermal
cells destined to form the otic placode (fig. 4D). Taking these two lines of evidence-

the Western blot data and the immunostaining- together, it suggests that an
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antibody specific to DIx3 has been raised. Additionally, only DIx3 and one other

family member are not expressed in the embryonic CNS and no CNS staining was
detected in these sections. However, to prove beyond a doubt that the antibody
recognizes the DIx3 protein and none of the other family members, it is imperative
to show that the antibody interacts with DIx3 alone. Co-immunoprecipitation with
the DIx3 antibody would be one way to get around this issue. However, all DIx
family members are roughly the same size. Experiments are underway to in vitro
translate the various family members and then carry out a Western blot.

At HH stage 14, when the olfactory placode first begins to thicken, DIx3
protein is present at high levels in the ectoderm at the level of the forebrain (Fig.
5A,C). Pax6 protein is present in scattered cells within this region (Fig. 5B,C).
Between HH stages 19-21, robust expression of both DIx3 and Pax6 proteins is
noticeable in the now pseudostratified epithelium (Fig. 5D, E). Significant overlap of
expression is noted in cells in the cup-shaped structure of the olfactory epithelium
(Fig. 5F). In fact, the combined expression of these two genes at this stage exclusively
demarcates the olfactory epithelium in the embryonic nervous system. Antibodies
against both proteins detected roughly similar levels of Pax6 and DIx3 in quail cells

as well (data not shown).

4.3C Neuronal markers of the olfactory epithelium

Multiple neuronal and non-neuronal cell types arise within the olfactory
epithelium. Olfactory placode cells differentiate into olfactory sensory neurons,
which are responsible for odour perception and the neuroendocrine gonadotropin-
releasing hormone (GnRH) neurons (Schwanzel-Fukuda and Pfaff, 1989). In

addition, non-neuronal derivatives of the olfactory epithelium include the olfactory
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ensheathing glial cells, support cells and basal cells. Otx2, another homeodomain

transcription factor, is expressed broadly in the olfactory epithelium (Mallamaci et
al., 1996) (Fig. 6A, C). Its expression is maintained in the GnRH neurons where it is
likely responsible for switching on expression of the gonadotropin-releasing
hormone (Kelley et al., 2000). Also, Sox 10, an HMG box containing protein, which is
expressed in peripheral glia and neural crest, is also expressed at low levels in the
olfactory epithelium (Fig. 6B, C). Generic markers of post-mitotic neurons that are
also expressed in the olfactory epithelium include the HLH transcription factor, Olf-
1 (Davis and Reed, 1996) (Fig. 6D), the cytoplasmic RNA-binding protein Hu
(Fornaro et al., 2001) (fig. 6E) and finally neurofilament (fig. 6F) (Drapkin and
Silverman, 1999). Unlike other parts of the nervous system, Hu precedes

neurofilament expression in the olfactory epithelium.

4.3D Competence of embryonic ectoderm at different axial levels to express DIx-3
and Pax-6 and form the olfactory placode

To determine the spatiotemporal extent to which the embryonic ectoderm has
the capacity to form the olfactory placode, we constructed quail-chick chimaeras,
which were allowed to survive until such time as the olfactory placode was
distinctly visible (usually 48-72 hours). The ages of the chick host varied between
HH stage7 (0ss) to stage9 (7ss). They were then analyzed for the expression of the
olfactory placode markers, DIx3, Pax3 or Pax6 in addition to the quail specific
marker, QCPN (quail cell peri-nuclear antigen). There was no apparent difference in

the behaviour of the transplanted tissue across these varying ages.
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Based on a fate-map of HH stage 8 (3-4ss) chick embryo generated using such

chimeras (Couly and Le Douarin, 1985) and our fate-map using dye labeling
(Bhattacharyya et al., 2004), the olfactory placode arises from a population of cells
distributed in and around the anterior neural fold. Isotopic control grafts of the quail
anterior neural fold and adjacent ectoderm into a chick host at HH stage 8 (3-4ss)
gave rise to quail cells in the olfactory placode that expressed DIx3, Pax3 (data not
shown) or Pax6 (n=6, Fig. 7B, C). Often times, quail cells were also found in the
telencephalon (Fig. 7C) or in the lens of the eye (data not shown). This is not
surprising as olfactory placode precursors are closely associated with both lens (in
ectoderm) and forebrain (in the neural folds) progenitors (Bhattacharyya et al.,
2004).

How early in development is ectoderm capable of responding to olfactory
placode inducing signals? To answer this question, HH stage 4 (gastrula) to stage 5
(early neurula) anterior, or lateral epiblast (adjacent to the area opaca) was grafted
into the anterior neural fold of HH stage 8 embryos. This most anterior or lateral
epiblast does not contribute to neural tissue; instead it is specified for and gives rise
to extraembryonic ectoderm (Garcia-Martinez et al, 1993; Rosenquist, 1966). Epiblast
tissue is capable of expressing Pax6 and DIx3 in the olfactory placode (n=3, Fig. 7D
and data not shown). Interestingly, in one of the embryos, the grafted tissue that
incorporated into one side of the endogenous olfactory placode, also underwent
thickening to form another placode-like structure (Fig. 7D, arrow).

In order to define the extent of competence within the ectoderm to form the
nasal placode, we grafted quail ectoderm from different axial levels. Midbrain level
ectoderm, which is fated to give rise to the trigeminal placode (Stark et al., 1997;

Baker et al., 1999) ectoderm at the level of rhombomeres 1-8, including presumptive
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otic placode ectoderm (Couly and Le Douarin, 1990; Streit, 2002) and trunk level

ectoderm at the level of the 7™ to the 10" somite were heterotopically transplanted
into the anterior neural folds of HH stage 7-9 embryos. All populations tested are
competent to give rise to DIx3+ and Pax6+ cells in the olfactory placode. Of the
three, midbrain level ectoderm remains responsive to olfactory-placode inducing
signals for the longest. This ectoderm shows high levels of expression of DIx3 and
Pax6 in the olfactory placode at HH stage 8 (3-4ss) (Fig. 8A, B and data not shown).
This robust expression is maintained until stage 10 (10ss) (Fig. 8C) and is down-
regulated by stage 11 (13ss). In fact, from 14ss onwards, no expression of Pax6 is
seen if the graft localizes to the periphery of the olfactory placode, even though this
ectoderm is ordinarily Pax6-positive (Fig. 8D). Weak expression in a few cells is
noted only if the graft incorporates into the placode (data not shown). On the other
hand, both hindbrain and trunk level ectoderm lose the capacity to respond to
olfactory placode-inducing signals more rapidly with age. Hindbrain level ectoderm
loses the competence to express Pax6 in the olfactory placode by HH stage 8+ (5ss)
(Fig. 9B). Interestingly, however, this ectoderm can continue to express Pax6 in the
lens even at HH stage 12 (Fig.11). It also maintains expression of DIx3 in the
olfactory placode upto HH stage 10 (Fig. 9A). Trunk level ectoderm cannot express

DIx3 beyond stage 9- (7ss) (Fig. 10A-C).

4.3E Specification of presumptive olfactory placodal ectoderm to express DIx-3
and Pax-6 and form neurons

To determine when olfactory placode precursor cells become specified to
express DIx3 and Pax6, we isolated presumptive olfactory placode ectoderm from

HH stage 6 to HH stage 21 and cultured it in collagen gel cultures without serum for
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24 to 60 hours (Fig. 12F). From stages 6-9, the ectoderm containing the olfactory

placode precursors is not a homogenous population of cells as lens precursors
occupy the same territory. Inspite of this, some explants at stage 6 were found to
contain a few (<10) DIx3 positive cells (Fig. 12A). By stage 11, most explants have
some DIx3+ cells (>20), but only a few Pax6+ cells (<10) (Fig. 12B). Specification to
express Pax6 robustly occurs later, only by HH 14, which is when the olfactory
placode is first evident (Fig. 12C). Neuronal specification as assayed by Hu
expression starts at around stage 11 and is complete by stage 14 (Fig. 12C, D) when
Hu expression is first noted in the endogenous olfactory placode (Fornaro et al.,
2001). The olfactory placode is specified to express neurofilament and Olf-1 a little

later, by stage 19 (Fig. 12E).

4.3F Presumptive olfactory placode ectoderm is committed to express Pax6 and
DI1x3 by HH stage 15

The definition of commitment is also an operational one: a tissue is said to be
committed to its fate if it attains this fate even when challenged by transplantation to
a novel embryonic environment. To determine the time at which the presumptive
olfactory placode ectoderm is irreversibly committed to its fate, we grafted the
presumptive olfactory placode ectoderm at different stages (from 10 to 16) to the
lateral plate ectoderm at the level of the most recently formed somites in the stage 8-
9 chick embryo. This location was chosen for its distance away from the neural tube
and the somites, possible sources of inducing signals. At stage 10, the close
apposition of the presumptive olfactory placode ectoderm with the forebrain
prevents their absolute separation. When the two tissues are grafted together, the

transplanted ectoderm is found to be DIx3 and Pax6-positive (data not shown).
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Heterotopic grafts of older placodal ectoderm (st.12-14) with adhering mesenchymal

and/or forebrain tissue, to the ectoderm overlying the lateral plate mesoderm also
results in Pax6 and DIx3 expression in the ectodermal quail cells (Fig. 13C, D).
However, when only placodal ectoderm is grafted to the lateral trunk ectoderm, no
expression of Pax6 and DIx3 is seen until HH stage 15 (compare Fig. 13B, E, F to Fig.
13 G), inspite of the transplanted ectoderm retaining the capacity for invagination

(Fig. 13 E).

4.4 Discussion

4.4A Molecular markers of the developing olfactory placode

Our aim in this study has been to understand the earliest events in olfactory
placode induction. The cranial sensory placodes are generated through a cumulative
process of appositional induction (Slack, 1991) wherein the inducing tissue signals in
a unidirectional manner to the responding tissue and alters its developmental state
as a consequence. To study the development of an embryonic structure prior to its
morphological appearance, molecular markers are a necessity. We have identified
four transcription factors, DIx3, DIx5, Pax3 and Pax6 that are expressed in the
developing olfactory placode and in the olfactory epithelium. An important point to
note is that the expression of none of these genes is specific for the olfactory placode.
Both DIx3 and DIx5 are expressed in the mature olfactory and otic placodes, while
Pax3 is strongly expressed in the ophthalmic lobe of the trigeminal ganglion and
Pax6 is a much-studied marker of the lens of the eye. However, the combinatorial
expression of these genes is a distinctive feature of the olfactory placode. While DIx3
and DIx5 are broadly expressed in the head ectoderm initially, there is a subsequent

refinement of the expression pattern of these genes. Whether this dynamic pattern of
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expression is a reflection of the movement of olfactory placode precursor cells to

their eventual destination or whether cells destined to give rise to other derivatives
down-regulate the expression of these genes remains to be determined. The most
likely possibility is that both mechanisms operate to ultimately ensure specific
expression of these genes in the olfactory and otic placodes. Conversely, Pax6
expression in the presumptive olfactory placode cells is down-regulated during the
intermediate stages of its development before later de novo expression in the
olfactory epithelium. It is not known at this time, whether this downregulation is
crucial for regulating olfactory placode formation and differentiation. Additionally,
these genes play functional roles in the induction of the olfactory placode as
highlighted by loss-of-function studies. The otic and olfactory placodes are not
induced in a zebrafish deletion mutant, b380, which lacks the DIx3 a, and b genes
(Solomon and Fritz, 2002). The DIx5 mouse knockout shows a severely reduced
nasal epithelium and a very rudimentary vomeronasal organ in addition to having
grossly impaired otic vesicle derivatives (Depew et al., 1999). Similarly, nasal
placodes do not form and the nasal cavities are absent in the Small eye (Sey) mouse
and rat mutants (Hogan et al., 1986; Matsuo et al., 1993; Fujiwara et al., 1994;

Grindley et al., 1995).

4.4B Spatiotemporal distribution of competence to form the olfactory placode

To understand how and when the nasal structure is first induced, we decided
to delineate ectoderm that is competent to form the olfactory placode. The
spatiotemporal localization of the inducing signals remains to be determined. In
general, either one of these two parameters is strictly delimited such that the

induced structure arises only in a distinct position. The trigeminal placode arises



85
from midbrain level ectoderm (d’Amico-Martel and Noden, 1980; Baker et al., 1999)

and expresses Pax3 (Stark et al., 1997). The current model for trigeminal placode
induction is that while the inducing signal is present in the dorsal neural tube at all
axial levels, competence to respond to this signal is relegated to cranial ectoderm
(Baker et al., 1999) . Furthermore, inhibitory signals present at the level of
rhombomeres 2 and 3 in the hindbrain might help resolve the domain of Pax3
induction to midbrain level ectoderm. However, the converse holds true in otic
placode induction: Pax2 (otic placode marker) expression is induced in epiblast
tissue only at the level of rhombomeres 2-7 (the otic placode normally arises at the
level of rhombomeres 4-6) while both midbrain and trunk level ectoderm are
competent early on to contribute to the otic vesicle and express Pax2 (Groves and
Bronner-Fraser, 2000). In this study, both cranial and trunk level ectoderm are
capable of forming the olfactory placode and expressing DIx3 and Pax6. In fact,
some cells in the midbrain level ectoderm are capable of sustained expression of
Pax6 even past the time when the ectoderm is committed to a trigeminal placode
fate (HH stage 10) (Baker et al., 1999). A possible explanation for this finding is that
some cells in midbrain level ectoderm (just posterior to the eye) express low levels of
Pax6 well beyond HH stage 10 (at least upto HH stage 14) and it is these cells that
maintain their expression when grafted anteriorly to the olfactory placode-forming
region. Detailed analysis of DIx3 expression in these grafts at later stages will help
clarify the degree to which these cells are competent to express olfactory placode
markers. Hindbrain and trunk level ectoderm lose this competence rapidly; between
stages 9-10 neither tissue can express Pax6 and DIx3 respectively. Presumptive otic
placode ectoderm continues to express DIx3 at low levels beyond stage 10, as it

would continue to express this marker in the otic placode itself. The loss of Pax6
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expression in grafts of hindbrain level ectoderm correlates well with studies on otic

placode commitment, which is complete by HH stage 10+ (Groves and Bronner-
Fraser, 2000). This suggests that either olfactory placode inducing signals are
localized anteriorly at early stages or that later signals further refine the olfactory

placode-forming region.

4.4C Timing of inductive events that lead to the formation of the olfactory placode
A prerequisite for studying the induction of a particular fate in a tissue in
vitro is determining the time at which it is still unspecified i.e. the tissue does not
express markers exclusive to its fate when removed from its original context in the
embryo and placed in a neutral environment. We examined the specification of the
presumptive olfactory placode ectoderm to express Pax6 and DIx3 and form
neurons by culturing this tissue at various stages in three-dimensional collagen gel
matrices. Presumptive olfactory placode ectoderm is specified to express Pax6 and
DIx3 between stages 12-14 and stages 10-11 respectively. Neuronal specification as
assayed by expression of the post-mitotic neuronal marker, Hu, begins around stage
11. This implies that the ectoderm has seen signals that will direct its fate even
before it is morphologically visible as a placode. This is similar to results obtained in
trigeminal and otic placode specification (Baker et al., 1999; Groves and Bronner-
Fraser, 2000). We have also determined the time at which the presumptive olfactory
placode ectoderm is irreversibly committed to its fate by grafting this tissue at
different stages to the lateral plate ectoderm at the level of the most recently formed
somites in the stage 8/9 chick embryo. The choice of location has the caveat that it is
not necessarily devoid of inducing signals. On the other hand, by its very virtue of

containing signals (antagonistic ones as well), it might prove to be a more rigorous
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test of commitment as compared to grafting to the area opaca, which is

extraembryonic and hence devoid of signals. It will be worthwhile to test this
hypothesis. Commitment to express Pax6 and DIx3 is found to occur by stage 15
once the placode is a self-evident structure.

The next step is to determine the location and the molecular nature of the
inducing signals. The expression of Fgf8 in the anterior neural folds and later in
some regions of the olfactory epithelium is tantalizing and suggests that Fgf
signaling could play a role in the ectoderm to placode transition as well as in later

differentiation of the epithelium. We are currently testing this hypothesis.
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Figure 1: A-F: Expression pattern of D/x3 at HH stage 8 (A: dorsal view, B: ventral view),
at HH stage 10 (C: dorsal view, D: ventral view), at HH stage 13 (E) and at HH stage 14 (F).
The arrows in A demarcate the region of the anterior neural fold that contains the precursors
to the olfactory placode. This portion of the neural folds does not express DIx3. The
arrowheads in C and D indicate DIx3-expressing cells surrounding the anterior neuropore
both dorsally and ventrally. In E and F, the arrowheads point toward cells that are strongly
expressing DIx3, in two stripes just ventral to the eyes (e). G, H: Expression pattern of Pax3
at HH stage 9 (G) and at HH stage 12 (H). Arrowheads show presumptive olfactory placode
cells expressing Pax3. I-L: Expression pattern of Pax6 at HH stage 8 (I), at HH stage 11 (J:
dorsal view, K: ventral view) and at HH stage 14 (L). The arrows in I point to the anterior
neural folds that are expressing Pax6. The arrowhead in K points toward a Pax6 non-
expressing zone that contains the olfactory placode precursors, whereas very low level
expression is seen in the placodal cells at stage 14 (arrowhead in L).
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Figure 3: DIx3 is a 278 amino acid protein of which 57 amino acids (128-184) constitute the
homeodomain (shown in italics). The homeodomain is highly conserved across all six DIx
family members. A rabbit polyclonal antibody raised against the homeodomain of the
Drosophila distalless family recognizes all vertebrate DIx proteins. To produce an antibody
that would specifically recognize the DIx3 protein, the C-terminal portion of the protein
(185-278) (shown in blue) was fused to GST (Glutathione-S-transferase). + and —in A and B
indicate bacterial cultures induced with and without IPTG respectively. Uninduced bacterial
cultures were treated identically as the induced ones and serve as a negative control. A shows
the various steps in the purification of GST protein as a control while B documents the
purification of the GST-DIx3 fusion protein. In each part of the figure, lane 1 has the
Benchmark protein ladder, the pink band indicating 61 kDa, lanes 2 and 3 are crude lysates
of induced and uninduced bacterial cultures, lanes 4 and 5 are the supernatants of these
lysates (induced proteins not seen in these as they are not secreted), lanes 6 and 7 contain
glutathione sepharose beads bound to the protein and finally lanes 8 and 9 contain the protein
eluted off the beads. The arrowhead in A points toward the purified 27 kDa GST protein
while the arrow in B indicates the 37 kDa fusion protein. Some degradation of the fusion
protein is seen.
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Chapter 5

Summary and future directions
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5.1 Summary

Cranial placodes were first observed as focal embryonic thickenings of
columnar epithelium in the shark embryo more than two hundred years ago (van
Wijhe, 1883). The investigation of their development is being revived today as a
combination of molecular, genetic and embryological approaches are being brought
to bear on the study of their induction and differentiation. Classical studies utilizing
transplantation and in vitro co-culture assays have helped broadly define tissue
interactions that lead to the eventual induction of the olfactory placode amongst
others (Haggis, 1956; Jacobson, 1966). However, these studies relied heavily on the
morphology of the responsive tissue in their assessment of successful induction. Not
obvious from these studies is the fact that embryonic induction is a cumulative
process that can be broken down into discrete steps (each step being defined by
changes in gene expression) prior to the generation of a morphologically detectable
placode. In the past decade, the explosion in our knowledge of molecular markers
that correlate with the progression of differentiation in a tissue, has allowed for the
careful examination of each phase of the continuum of induction. We can now ask
more precisely when a tissue has been induced to express a unique combination of
genes and which molecular pathways regulate each of these phases. Additionally,
we are now well placed to address questions such as: what are the molecular
underpinnings of developmental phenomenon such as competence, specification
and commitment?

The formation of the avian olfactory placode has been the main subject of my
graduate research. During the course of my study, my interest has evolved to
encompass the broader question of how placode precursor cells are differentially

specified to contribute to diverse sensory organs. To begin with, it was essential to
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determine the origin of olfactory placode precursors across developmental stages.

To address this question, I constructed a fate-map of the chick olfactory placode
using lipophilic dye labeling of small populations (10-30) of cells from HH stages 6-
10 in collaboration with Dr. Andrea Streit. We found that olfactory and lens placode
precursor cells coexist in a common region at the border of the anterior neural plate.
Using Dil labeling and confocal time-lapse analysis, I documented the segregation of
these cell types over time. Interestingly, dynamic changes in the expression pattern
of specific transcription factors mirrored the rearrangement of these cells in the
embryo. Furthermore, when placode precursor cells in the common lens-olfactory
territory were forced to maintain expression of a transcription factor that demarcates
olfactory placode fate, none of these cells were able to contribute to the lens. A
question that arose as a consequence of this study is whether the heterogeneity of
the common lens-olfactory territory is reflected at the level of a single cell. To
address this issue, I injected single cells within this territory and determined the fate
of their progeny. Surprisingly, I found no evidence for a shared olfactory and lens
placode lineage. Descendants of single progenitors labeled at early neurula stages
(prior to placodal precursors sorting out from each other) contribute to either one or
the other placode.

The parallels between placode development in vertebrates and imaginal disc
development in Drosophila are striking. As mentioned previously in chapter 2, the
molecular mechanisms used to differentiate olfactory from lens precursors appear to
be conserved with mechanisms that operate to specify the eye and antennal lineages
in the eye-antennal imaginal disc. This is, of course, a very particular example of
conservation between structures that could be considered functionally homologous.

However, on closer examination, placode and imaginal disc development seem to
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have general features in common as well. Like placode precursors, imaginal disc

primordia originate as bilaterally paired (with the exception of the lone genital disc)
groups of cells in the embryonic ectoderm, some of which undergo invagination and
most of which give rise to sensory structures (Garcia-Bellido and Merriam, 1969;
Garcia-Bellido et al., 1976; Wieschaus and Gehring, 1976; Crick and Lawrence, 1975;
Szabad et al, 1979; Bate and Martinez-Arias, 1991; Cohen et al, 1993). Furthermore,
the wing, haltere and leg imaginal discs originate from a common primordium: the
thoracic imaginal disc (Cohen et al, 1993). The wing and haltere progenitors reside
in the dorsal aspect of the thoracic imaginal disc primordium and separate from the
ventrally located leg progenitors by cell movements that cannot be accounted for by
gross morphogenetic movements of the embryo alone (Cohen et al, 1993). And
lastly, as ascertained by clonal analysis, imaginal disc primordia appear to be
specified very early at the blastoderm stage in Drosophila embryogenesis
(Wieschaus and Gehring, 1976; Steiner, 1976, Lawrence and Morata, 1977); though
conflicting data derived from transplantation studies suggest that this may not be
the case (Meise and Janning, 1991). Taken together these lines of evidence are
reminiscent of the early lineage restriction of the olfactory and lens placode
precursors, their origin from a common region and their subsequent segregation.
Further, it has been shown that the intersection of the wingless (wg) and
decapentaplegic (dpp) pathways specifies imaginal disc primordia in Drosophila
(Cohen et al, 1993): could these signaling pathways be involved in setting aside
placode precursors from embryonic ectoderm in vertebrates? Future research will
undoubtedly answer this question.

I also wished to understand how the olfactory placode is induced to form

specifically at a distinct position in the anterior-most ectoderm of the embryo,
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adjacent to the forebrain. To determine the spatiotemporal extent of competence in

embryonic ectoderm to respond to olfactory placode inducing signals, I have
transplanted ectoderm from different axial levels to the anterior neural fold. I found
that competence is restricted to forebrain and midbrain level ectoderm beyond HH
stage 10. Possibly, by this stage, the olfactory placode inducing signals are confined
to the forebrain level of the embryo such that the nose only forms within the
ectoderm adjacent to the telencephalon. Inhibitory signals at the midbrain level
might additionally operate to impede olfactory placode formation at this level.
Using the technique of quail chick chimeras and an in vitro collagen gel assay
system, I further probed the timing of induction of the olfactory placode.
Specification of the presumptive olfactory placode ectoderm as assayed by co-
expression of Pax6 and DIx3 (a combinatorial signature unique to the olfactory
placode) in olfactory precursors when removed from the context of the embryo, is
complete by HH stage 10. This suggests that by the time olfactory placode
precursors have physically segregated from other placodal progenitors, they have
already received signals that will direct their fate. Commitment to an olfactory fate
occurs much later by stage 15 at which point the placode is a visible entity. It is
interesting that although olfactory placode precursor cells are specified early on,
they continue to remain responsive to foreign environments for a long time

afterwards.
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5.2 Questions that remain and future directions

5.2A What is the implication of the early lineage restriction of olfactory and lens

placode precursor cells?

Our fate-map has shown that olfactory placode and lens placode precursor
cells initially occupy a common territory in the anterior ectoderm of the embryo. A
single labeled population of cells (comprising between 10-30 cells) in early neurula
stage embryos can contribute to both the olfactory and lens placodes. When the fate
of individual cells within this population is explored further, it appears that each cell
in this population is already destined to be a part of either the olfactory or then the
lens placodes. This result, although preliminary, is in agreement with observations
made in the zebrafish embryo where cells are already allocated to either the
pituitary, olfactory or lens placode lineages but continue to intermingle in a shared
region (Whitlock and Westerfield, 2000; Dutta et al., 2005). Could this be a means of
setting aside sufficient and reproducible numbers of precursors to form each
placode? Does the fate of these placode precursor cells program a positional value
into these cells such that they are guided to their final destination in the embryo? If
we assume that there is a time-point (earlier than I have tested so far) at which a
single cell can divide asymmetrically to give rise to both olfactory and lens
progenitors, then it might be possible to experimentally alter this division to give
rise to equivalent progenitors (either only olfactory or only lens) and follow their

migratory path under these circumstances.
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As a means to this end, it will be essential to determine the molecular players

that are involved in the fate specification of daughter cells. Notch, a single pass
transmembrane receptor and Numb, a PTB (phosphotyrosine binding protein)
domain containing protein, are potential candidates as they have been shown to
govern binary cell fate decisions in the developing nervous systems of multiple
organisms (Muskavitch, 1994; Chitnis, AB, 1995; Lewis, 1996; Knoblich, 1997;
Wakamatsu et al, 2000; Zilian et al, 2001; Roegiers and Jan, 2004; Karcavich, 2005).
While Notch signaling plays a decisive role in this process by engaging neighboring
cells in “lateral inhibition” (Sternberg, 1988; Cabrera, 1990; Lewis, 1991; Fehon et al,
1991; Kunisch et al., 1994; Schweisguth, 1995; Chitnis, AB, 1995; Heitzler et al, 1996),
Numb controls the fate of daughter cells by being exclusively localized to one of
these cells and blocking Notch signaling in this cell (Rhyu et al., 1994; Frise et al.,
1996; Guo et al., 1996; Spana and Doe, 1996, Verdi et al., 1996, 1999; Zhong et al.,
1996, 1997; Wakamatsu et al., 1999). It remains to be seen whether either one or both
proteins are expressed in the hypothetical common lens and olfactory progenitor cell
and whether they control its asymmetric cell division. If this is indeed the case, it
might be possible to force symmetric Numb expression or increase Notch levels
uniformly in all daughter cells and consequently determine changes in cell fate

and /or cell movements.

Another question of interest with regard to a link between cell division and
cell fate is: do lineage-restricted lens and olfactory placode precursors undergo
further rounds of symmetric cell division prior to their segregation or do they
proliferate only once they have segregated to form homogenous populations of

cells? Technical difficulties such as photobleaching and phototoxicity have so far
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precluded the possibility of following the division and movements of a single

labeled cell and its progeny. One possible approach to overcome this difficulty
would be to electroporate a very small population of cells with a histone2B-GFP
construct (that would label DNA) and then to follow each of these cells as it divides
and contributes to either the olfactory or lens placodes. A potential complication of
this experiment is the inability to compare two embryos that have been
electroporated in exactly the same location. In chick embryos, cells that are identical
by lineage in all embryos need not necessarily occupy the same position at a given
stage. So, it is impossible to know whether a cell will always contribute to the same
placode or whether there is some plasticity in this decision. However, it should still
be possible to study cell division characteristics of the lineage-restricted placode
precursors. It will be interesting to note whether some progeny wander off in a

direction inappropriate to their fate and subsequently undergo cell death.

5.2B What is the molecular nature of the signal or cohort of signals that
sequentially induce placode precursor cells to differentiate into the olfactory
epithelium?

FGF family members are likely to play a role in this process. FGFs are small,
secreted ligands that bind tyrosine kinase receptors and thereby activate various
downstream signaling modules and cellular targets. To date, 23 molecules have been
identified as belonging to the FGF family and these have been shown to have
multiple roles in cell survival, proliferation, migration and differentiation (Mason,
2003). Of these, FGF4 has been implicated as a chemoattractant both in the

movement of cells through the primitive streak (Yang et al, 2002) and for
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mesodermal cells in the limb bud (Li and Muneoka, 1999). In contrast, FGF8 appears

to function as a chemorepellant during gastrulation (Yang et al, 2002). In addition,
FGF-4, -8 and -9 have been implicated in olfactory epithelium development by
inducing the Ets family transcription factors, Erm and Pea3, in the chick nasal
placode (Firnberg and Neubuser, 2001).

Based on the expression patterns of various FGF family members and their
receptors, FGF8 emerges as an excellent candidate to promote the localization or
induction of olfactory precursors in the chick embryo at early stages. Between HH
stage 6 and 7, FGFS8 is expressed in the definitive endoderm underlying the shared
olfactory and lens territory (Crossley et al, 2001). At the time when olfactory
precursors converge anteriorly and cVax and DIx3 begin to be expressed in the
olfactory territory, strong FGF8 expression is observed in the anterior neural ridge
and the overlying surface ectoderm. However, FGF8 is completely absent from the
future lens region. While at HH stage 8 all three FGF receptors (FGFR) 1, 2 and 3 are
expressed in the common lens-olfactory territory (the anterior neural ridge), by the
time olfactory precursors accumulate in the anterior ectoderm (HH stage 10) FGFR1
is the only receptor still expressed in the olfactory precursors (Walshe and Mason,
2000). Even though the binding affinity of the splice form FGF8b is highest for
FGEFRS3 as tested in mitogenic assays (MacArthur et al, 1995), it is capable of binding
fairly promiscuously to the other FGF receptors as well. Moreover, all components
of the FGF signaling pathway are in place in the olfactory region of the mouse and
the pathway is active as assessed by the presence of phosphorylated ERK (MAPK), a
downstream kinase in the pathway (Corson et al, 2003). Thus, there is sufficient
evidence to prompt the hypothesis that FGF signaling promotes olfactory fate in

placode progenitors.
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We are addressing the role of FGF signaling in the acquisition of olfactory fate

by carrying out gain and loss-of-function studies both in vivo and in vitro. Exposing
the common lens and olfactory region at stage 8 to FGF8 coated heparin beads
suggests that FGF8 can down-regulate lens markers such as Pax6 in a matter of
hours within this territory while correspondingly expanding the expression of
markers of olfactory fate, such as DIx5, Delta and GnRH. Does this initial change of
fate affect the later differentiation of this region, or is this effect reversible? If the
common presumptive lens-olfactory territory is given a brief pulse of FGF8, which is
later washed out, can this region reacquire its original fate? Interestingly, an FGF
signal is required later in the lens territory for differentiation of lens fiber cells,
suggesting that it is only at early time-points that FGF can affect the binary decision
of contributing to the olfactory rather than to the lens placode. Using a dominant-
negative FGFR1 construct and the small molecule inhibitor, SU5402, we will block
FGF signaling and determine whether this inhibition now biases placode precursors
towards a lens fate or simply decreases the number of olfactory progenitors. These
studies are likely to shed light on the early decisions placodal precursors make as

they begin to differentiate themselves from their neighbours.

5.2C Identifying placode-activated enhancers: the next step in building gene

regulatory networks that function during placode induction

With the identification of known and novel signaling pathways that are
instrumental in the induction of the olfactory placode, it will become necessary to
establish the means by which these signals affect gene expression. Enhancers

compute the transcriptional read-out of a gene by integrating all positive (activating)
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and negative (inhibitory) signals that impinge on them. Further, an analysis of gene

regulation in the context of defined embryological changes can provide unique
insights into how cell fate decisions are made.

The differential regulation of Sox2 expression in the various sensory placodes
serves to illustrate this point. The Sox2 gene is expressed at differing times in the
forming lens, nasal and otic placodes (Kamachi et al, 1998; Groves and Bronner-
Fraser, 2000; Uwanogho et al., 1995). Two highly conserved enhancers NOP-1
(323bp) and NOP-2 (374bp) that regulate Sox2 expression both in the chick nasal and
otic placodes from stage 10 onwards have been identified (Uchikawa et al., 2003). On
the other hand, lens expression of Sox2 is directed by a distinct set of enhancers: N3,
N4 and L (unique to chick) (Uchikawa et al., 2003). Therefore with regard to Sox2
expression, signals regulating lens induction are likely to be different from those
that regulate early nasal and otic placode induction. This leads to two interesting
speculations, a) since the lens and olfactory placode precursors have a spatially
indistinguishable origin (Bhattacharyya et al., 2004), differential regulation of Sox2
might be instructive in determining distinct fates from this common domain and b)
similar mechanisms may operate to differentiate both olfactory and otic precursors
as these two do not share overlapping spatial domains. The DIx family genes, DIx3
and DIx5, are also expressed in both the nasal and otic placodes. The intergenic
sequence between DIx5 and DIx6 contains a cis-element that drives expression in
both the developing forebrain as well as in the olfactory placodes, but not in the otic
placodes (Zerucha et al., 2000). It will be interesting to determine the degree of
similarity in the upstream molecular mechanisms that control transcription of
common markers of the olfactory and otic placodes. The molecular analysis of lens

development has revealed the importance of “tissue-specific” enhancers in
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identifying important regulatory factors. Such analysis will further uncover the

means by which combinatorial transcriptional codes determine different fates. In
addition to aiding the search for proteins that are functionally relevant in placode
induction and differentiation, “placode-specific” enhancers can also serve as
valuable tools for spatial and temporal control in disrupting gene expression in
specific placodes and their precursors. In conclusion, rigorous network analysis in
conjunction with our knowledge of the embryological parameters of olfactory
placode development will provide a holistic understanding of its induction and

subsequent differentiation.
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