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Early specification and development of rabbit neural crest cells

Erin Betters, Rebekah M. Charney, Martin |. Garcia-Castro”
School of Medicine Division of Biomedical Sciences, University of California, Riverside, California,
92521 USA

Abstract

The phenomenal migratory and differentiation capacity of neural crest cells has been well
established across model organisms. While the earliest stages of neural crest development have
been investigated in non-mammalian model systems such as Xenopus and Aves, the early
specification of this cell population has not been evaluated in mammalian embryos, of which the
murine model is the most prevalent. Towards a more comprehensive understanding of mammalian
neural crest formation and human comparative studies, we have used the rabbit as a mammalian
system for the study of early neural crest specification and development. We examine the
expression profile of well-characterized neural crest markers in rabbit embryos across
developmental time from early gastrula to later neurula stages, and provide a comparison to
markers of migratory neural crest in the chick. Importantly, we have applied explant specification
assays to address the pivotal question of mammalian neural crest ontogeny, and provide the first
evidence that a specified population of neural crest cells exists in the rabbit gastrula prior to the
overt expression of neural crest markers. Finally, we demonstrate that FGF signaling is necessary
for early rabbit neural crest formation, as SU5402 treatment strongly represses neural crest marker
expression in explant assays. This study pioneers the rabbit as a model for neural crest
development, and provides the first demonstration of mammalian neural crest specification and the
requirement of FGF signaling in this process.
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Introduction

The multiple achievements and recognitions of Wilhelm His include his contributions to the
neuron doctrine, a much-improved microtome, his unwavering support to the study of
embryology in its own right — calling to understand the mechanisms behind the
transformation from zygote to organism — and of course, the topic honored in this special
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issue, the first description of the neural crest 150 years ago. While his original work
describing the neural crest (NC) was performed using chick embryos, he soon moved to
work with other organisms. This included a strong focus on human biology, stressing the
need to understand human development to ameliorate human health conditions. Towards this
goal, the work we provide here on rabbit NC development represents an appealing approach
to amend the current gap in our understanding of the very early events leading to the
formation of NC in mammals.

NC cells are a migratory population unique to vertebrates which gives rise to a variety of
derivatives throughout the body, including neurons and glia of the peripheral nervous
system, melanocytes, and much of the craniofacial skeleton and connective tissue (Le
Douarin and Kalcheim, 1999). A large number of human health conditions are caused by
defects in NC development, collectively known as “neurocristopathies” (Bolande, 1997), and
include craniofacial malformations such as cleft lip and cleft palate, rare diseases such as
Waardenburg syndrome, and aggressive cancers including melanoma and neuroblastoma
(Etchevers et al., 2006; Farlie et al., 2004; Watt and Trainor, 2014). Therefore, the
development and subsequent terminal differentiation of NC has been the subject of intense
focus.

Considerable progress has been gained in our understanding of NC development using a
variety of animal models, including chick, zebrafish, Xenopus, and mouse (Prasad et al.,
2012; Sauka-Spengler and Bronner-Fraser, 2008; Simoes-Costa and Bronner, 2015;
Stuhlmiller and Garcia-Castro, 2012a), and more recently, lamprey and hagfish (Green and
Bronner, 2014; Nikitina et al., 2008; Ota et al., 2007). Broad integrative efforts from these
models have resulted in a postulated NC gene regulatory network representing hierarchical
interactions between signaling molecules and transcription factors modulating the gene
expression that ultimately governs NC development and differentiation. Further, advances in
stem cell technologies have allowed for the interrogation of human NC formation and
differentiation in vitro (Chambers et al., 2016; Fukuta et al., 2014; Hackland et al., 2017;
Leung et al., 2016; Menendez et al., 2011; Mica et al., 2013; Umeda et al., 2015), and a few
studies have interrogated NC cell morphology and gene expression in human embryos in
vivo (Betters et al., 2010; Bondurand et al., 1998; O’Rahilly and Miiller, 2007). However,
major questions surrounding the formation of mammalian NC — in particular early NC
ontogeny and the role of major signaling pathways — remain unanswered.

NC development is generally considered as a progression of states from the neural plate
border (NPB), to NC specifier, migratory NC, and finally, to terminal differentiation (Prasad
et al., 2012; Sauka-Spengler and Bronner-Fraser, 2008; Simoes-Costa and Bronner, 2015;
Stuhlmiller and Garcia-Castro, 2012a). NC induction is thought to initiate by the actions of
WNT, BMP, FGF, and Notch signaling molecules, amongst others, leading to the
establishment of the NPB, characterized by the expression of TFs including AP2(, Msx¥%,
Pax3/7, and Zicl. These factors, in concert with signaling events, launch a distinct NC-
specifier state marked by the expression of a suite of TFs at the neural folds including
Snail2, Sox9, ETS1, and FoxD3. Subsequently, NC cells undergo an epithelial to
mesenchymal transition, acquire migratory capacity and express transcription factors such
like Sox10 and other markers such as HNK-1 and P75NTR. Finally, NC cells differentiate
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into terminal derivatives at their final destinations. Most commonly, studies on the formation
of NC cells have focused on their formation at the NPB during neurula stages of
development, and their subsequent terminal differentiation.

More recently, however, a NC-specified population of cells has been identified in the
gastrula embryo, prior to the formation of the neural plate. In this context, “specified” cells
are those that have initiated a particular program of differentiation - in this case, towards a
NC state. These specified cells will continue a progressive development towards the NC fate
if permissive conditions are provided. Specification does not speak about commitment, and
it remains possible that these cells could be redirected towards other fates upon alternative,
strong instructive signals. In the chick, it was demonstrated that specific epiblast regions of
Hamburger and Hamilton (HH) stage 3—4 gastrulae are specified to give rise to NC cells in
culture, independent of mesoderm or neural tissue. This NC specified region resides in the
intermediate territory between the primitive streak and the edge of the embryonic disc, and
following culture, explants give rise to prospective NC cells expressing markers of pre-
migratory and migratory NC, including Pax7, Snai2, and HNK-1 (Basch et al., 2006; Patthey
et al., 2008). Using similar assays, subsequent studies have revealed chick NC specification
at even earlier gastrula stages (HH2) (Patthey et al., 2009). Importantly, this early NC
specification does not appear restricted to Aves. In Xenopus, a specified region of NC has
been shown to exist coincident with the completion of gastrulation (Mancilla and Mayor,
1996). While other studies have addressed the specification of mammalian NC terminal
derivatives beginning from a pre-migratory or early migratory NC-state (Chai et al., 2000; Li
et al., 2000; Matsuoka et al., 2005; Billon et al., 2007; reviewed in Debbache et al., 2018),
the in vivo specification of earlier stages of mammalian NC development - specifically, prior
to the formation of the neural plate and the expression of the earliest known NC markers - is
a major unanswered question.

Concurrent with the demonstration of a NC-specified region in lower vertebrate and amniote
embryos, studies have also evaluated the roles of multiple signaling factors (FGF, BMP, and
WNT) during early NC specification (Basch et al., 2006; Garcia-Castro et al., 2002; Mayor
et al., 1995; Monsoro-Burq et al., 2003; Patthey et al., 2009; 2008; Steventon et al., 2009)
(for review, see Patthey and Gunhaga, 2011; Stuhlmiller and Garcia-Castro, 2012a). From
studies in frog and chick, the role of BMP and WNT signaling pathways during NC
specification has been divided into two steps: an early, pre-NPB “WNT-only” phase where
prospective NC cells are thought to require a period of exposure solely to WNTSs, followed
by later dual exposure of prospective NC to both WNT and BMP during neurulation
(Patthey et al., 2009; 2008; Steventon et al., 2009). Although FGF signaling is classically
associated with neural development, this signaling pathway has also been implicated in
Avian and frog NC formation (Hong et al., 2008; Monsoro-Burg et al., 2003; Stuhlmiller
and Garcia-Castro, 2012b). Interestingly, recent work in the chick demonstrated a more
direct role for FGF signaling, activated and required in the epiblast during the pre-NPB
“WNT-only” stage of NC development (Stuhlmiller and Garcia-Castro, 2012b).

Despite this research focusing on the early facets of NC formation in Aves and frogs, early
mammalian NC specification remains unanswered. Currently, the mouse stands as the sole
embryonic model for mammalian NC development. While murine systems are powerful

Dev Biol. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Betters et al.

Methods

Page 4

tools for developmental biology and genetics, their small size and unique gastrula
morphology have restricted its use in specification assays. To-date, no reports exist about
early specification or induction in mouse that could validate or contest chick and Xenopus
studies. In addition, although chimeric fate-mapping has provided evidence that a specific
region of the E7.5 ectoderm can yield cranial NC cells (Tam, 1989), similar studies
performed at earlier mouse gastrula stages (E6.5) have not commented on the generation of
the NC (Lawson et al., 1991; Quinlan et al., 1995). Thus, the actual status of mammalian NC
specification during gastrulation, and the interplay of NC-associated signaling factors
therein, remains to be investigated.

In this report, we have turned to the rabbit to interrogate early mammalian NC specification
and development. Prior to this work, rabbit NC formation has only been described based on
cell morphology, and as early as the 10-12 somite stage (Berke, 1965). Here, we present the
most detailed characterization to-date of rabbit NC formation by interrogating NC marker
expression across a time course of rabbit embryogenesis from unprecedented early gastrula
stages (stage 2—4+) through the end of neurulation (20-21 somites). We determine that NC
markers Msx¥%2, Pax7, AP2a., and limited Pax3 are expressed in the NPB as early as rabbit
stage 6, prior to the appearance of definitive somites, and that the expression of these and
additional genes (Pax3, Sox9, and Sox10) denote the pre-migratory or migratory NC cells of
older embryos. Importantly, we propose that the rabbit embryo is highly amenable for
mammalian early specification studies. Using explant assays, we demonstrate that rabbit NC
is specified by gastrula stage 3+, and furthermore, provide evidence that Pax7 and Sox10
expression in specified explants is dependent on FGF signaling. Taken together, this work
provides a novel characterization of NC formation in the rabbit, and critically, provides the
first evidence of mammalian NC specification during gastrulation, prior to the expression of
known NC markers.

Embryo Collection

Timed-pregnant New Zealand White rabbits (obtained from Millbrook Breeding Labs,
Ambherst, MA) were euthanized, and uteri removed and stored in 1x PBS at 4°C. Embryos
were dissected from the uterine tissue in sterile 1x PBS containing 5% Fetal Bovine Serum
(FBS) and 100 U/mL Penicillin-Streptomycin (Thermo Fisher #15140122, used at 1X). For
immunohistochemistry, rabbit embryos were fixed in 4% paraformaldehyde for 30 minutes
to 1.5 hours (depending on the stage) at room temperature. For explants, embryos were
moved to fresh 1x PBS with 5% FBS and 100 U/mL Penicillin-Streptomycin and processed
as described below. Embryos were staged as previously reported, with pre-gastrula embryos
according to Viebahn et al. (Viebahn et al., 1995; 2002), and gastrula and neurula embryos
according to chick developmental stages (Hamburger and Hamilton, 1951; Viebahn et al.,
2002). Rabbit embryos were obtained and experiments performed at Yale University,
following the approval and guidelines of IACUC. Chick embryos were collected from fertile
hen eggs (Hardy’s Hatchery, MA) and staged according to Hamburger and Hamilton (1951).
For immunofluorescence, 10 somite stage chick embryos were fixed in 4%
paraformaldehyde for 2 hours at 4°C.

Dev Biol. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Betters et al.

Page 5

Immunohistochemistry

Following collection and fixation, embryos were embedded in gelatin and cryosectioned
(Leica CM1900), or subjected to whole mount immunofluorescence. Sections were stained
for markers of NC (AP2a, Msx¥,, P7T5NTR, Pax3, Pax7, Sox9, and Sox10), mesoderm (T/
Brachyury, Thx6) and neural (Sox2/3) tissue, as previously described (Betters et al., 2010).
Detailed antibody information is presented in Supplemental Table S1. Embryo sections were
subsequently stained with DAPI and coverslips mounted with Permafluor. Whole mount
immunofluorescence was performed in a similar manner with both primary and secondary
antibody incubations carried out at 4°C overnight. All embryos and sections were imaged
using Spot and processed in Photoshop.

Explant Generation, Culture, and Immunohistochemistry

Results

All explant dissections were carried out on Sylgard 184-coated plates in sterile 1x PBS
containing 5% FBS and 100 U/mL Penicillin-Streptomycin. Explants were generated from
freshly collected rabbit embryos using hand-drawn glass needles or ultrafine tungsten
needles (Roboz, 0.125mm diameter), coated with FBS (Gibco). Extraembryonic tissue was
trimmed from the embryonic disc, and strips of epiblast/hypoblast tissue roughly ¥a - %5 the
height of the embryo proper were dissected. Explants were embedded in collagen drops
placed in 4-well plates (Thermo Scientific, 144444), and overlain with 500ul of culture
media (DMEM/F12 supplemented with 200mM L-Glutamine, N2, 1% BSA and 100 U/mL
Penicillin-Streptomycin). For FGF inhibition, SU5402 (Calbiochem) resuspended in DMSO
was added to the culture media at a final concentration of 10 uM. Explants were cultured for
21-24h or 41-48h at 37°C with 5% CO2. Additional stage 3+ explants were immediately
fixed without culture and designated as time zero (Tg). Antibody staining for collagen drops
and explant imaging was performed as for immunohistochemistry described above. To serve
as a positive control for endogenous expression of NC markers, sections derived from in
vitro cultured whole rabbit embryos were immunostained. In brief, whole rabbit embryos
between 1 and 3 somite stage were cultured using the “ring method” as previously described
(Bitzer, 2008; Piischel et al., 2010a) at 37°C with 5% CO2 for 19-22. Following culture,
embryos were cryosectioned and processed for immunofluorescence as described above.
Successful cultures were marked as those embryos demonstrating normal morphology along
the entire rostral-caudal axis. Explants images were acquired and processed under identical
conditions, and compared to rabbit sections representing endogenous signal.

Analysis of NC markers during early rabbit development

To investigate early mammalian NC development, we have made use of the rabbit, which, at
~600um, offers a smaller embryo than the chick, yet considerably larger than the rodent
embryo (Supplemental Figure S1). Additionally, the early rabbit embryo develops as a flat
blastodisc, similar to Aves and humans. This is in clear contrast to the cup-shaped rodent
gastrula, which is unique amongst mammals. These features make the rabbit embryo a
particularly attractive model to advance our understanding of early mammalian development
(Bitzer, 2008; Feistel and Blum, 2008; Fischer et al., 2002; Knoetgen et al., 1999; Piliszek et
al., 2017; Viebahn et al., 2002; Pléger and Viebahn, 2018).
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To characterize the development of the rabbit NC at the molecular level, we focused on
molecules that report early NPB, NC-specifier, and NC migration statuses. AP2(, Msx%,
Pax3, and Pax7 TFs are associated with the NPB status in other model organisms. We also
interrogate the expression of Sox9, associated with early NC specification, and Sox10,
which appears later in the NC-specifier state, and is also associated with an early NC
migratory state. Finally, to better explore NC migration in rabbit embryos, we analyzed the
markers P75NTR and HNK-1.

Interrogation of early NC markers in gastrula stage rabbit embryos

The expression of NC markers in classic model organisms (zebrafish, Xenopus, chick, and
mouse) has been identified from early neurula stages onwards, but recent studies suggest
that NC cells are specified in the gastrula prior to the overt expression of NC markers. In
chick, specified NC cells have been identified in a territory in the equator of the embryo
between the primitive streak and the edge of the embryo (area pellucida/area opaca border),
referred to as the prospective NC territory (Basch et al., 2006). We therefore interrogated the
very early expression of NC markers in gastrula stage rabbit embryos (Figure 1A-F;
Supplemental Figure S2A-F). Similar to chick profiles, no definitive expression of Pax7,
Pax3, AP2(, or Msx¥%: was observed in the equator of the embryo proper of the rabbit
gastrula through stage 4+. Therefore, we conclude that no signal is found in the regions
associated with prospective NC. However, we note that AP2( expression was observed in the
extraembryonic tissue (Figure 1D and F; Supplemental Figure S2F), and Msx¥2 expression
was found in the posterior epiblast as well as the extraembryonic tissue (Figure 1F;
Supplemental Figure S2F). Similar to previous reports in the rabbit, we observed expression
of the mesodermal transcription factor T/Brachyury in the posterior epiblast and ingressing
mesoderm at stage 3 (Figure 1A—C; Supplemental Figure S2A-E), with further expression
seen in the node at stage 4 (Supplemental Figure S2E) (Viebahn et al., 2002). Finally,
consistent with germ layer specification in the chick, in gastrula stage embryos, we also
observed posterior epiblast expression of the mesodermal T-box transcription factor Thx6
(Figure 1D) (Knezevic et al., 1997), and anterior expression of the neural markers Sox2/3
(Figure 1E) (Rex et al., 1997).

NC development in early neurula rabbit embryos

We next examined early neurula stage rabbit embryos for expression of NPB markers.
Anterior sections from stage 5-6 embryos reveal the earliest NPB/presumptive NC territory
expression of Pax7 (Figure 1G-I), Msx% (Figure 1L, M; Supplemental Figure S2G), and
AP2a (Figure 1N, O). We note that, while definitive Pax7 expression is detected in st. 5+
embryos (Figure 1H, 1), Pax3 signal is not detected at this stage (Figure 1J, K). However, in
sections taken from a slightly older embryo, we observe a small number of Pax3-positive
cells in the neural plate border territory, with more robust expression in the underlying
mesoderm (Figure 1L, M; Supplemental Figure S2G). Further, at both gastrula and early
neurula stages, Sox2 expression was observed in the neuroectoderm (Figure 1E, H, I) in a
pattern similar to that described for Sox2 and Sox3 in similarly-staged chick embryos (Rex
et al., 1997). We also observed some overlap between Pax7 and Sox2 at the NPB of early
neurula embryos (Figure 2H, I). In addition to its expression at the NPB, AP2a. expression is
also found in the non-neural ectoderm (Figure 1N, O). Taken together, analysis of early NC
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makers reveals the earliest detectable expression of Pax7, MsxY2, AP2a, and limited Pax3, in
the NPB of early neurula stage 5-6 rabbit embryos.

Molecular markers associated with pre-migratory and migratory NC in neurula stage rabbit

embryos

NC cells at the neural folds undergo an epithelial-to-mesenchymal transition and migrate
away from the closing neural tube. Molecular markers of both pre-migratory and migratory
NC have been extensively studied in model systems including chick, frog, fish, and mouse
(Betancur et al., 2010; Sauka-Spengler and Bronner-Fraser, 2008; Simoes-Costa and
Bronner, 2015; Stuhlmiller and Garcia-Castro, 2012a). To assess pre-migratory and
migratory stages of NC development in the rabbit embryo, we characterized the expression
of multiple NC markers in rabbit embryos between the 6—7 somite stage (ss) and 20-215ss.
At the edge of the anterior open neural plate of 6-7ss embryos (Figure 2A), cells in the
neural folds display expression of AP2a., Sox9, Pax7, Pax3, and Msx¥%: (Figure 2B-E;
Supplemental Figure S3A, B). A small number of Sox10-positive cells are also observed in
the neural folds (Figure 2E). Expression of Sox9, AP2a, Pax7, Pax3, and Sox10 can also be
seen in freshly emigrating NC. A few Msx¥%2-positive migratory NC cells were also
observed, with a small number of cells co-expressing Sox10 and Msx¥z (Figure 2E;
Supplemental Figure S3B). The expression of AP2a at this stage also marks the lateral non-
neural ectoderm (Figure 2B; Supplemental Figure S3A), while Sox9 can be seen in axial
mesoderm (Figure 2B; Supplemental Figure S3A). In slightly older 8-9ss embryos, NC cells
marked by Sox9, Pax3, and/or Pax7 can be seen emerging from the level of the midbrain
(Figure 2F, G; Supplemental Figure S3C), with strong Pax7-positive cells additionally
populating the rostral-most cranial mesenchyme (Figure 2F, G; Supplemental Figure S3C).
In the 8-9ss embryos examined, Pax7, Msx¥%2, and AP2a expression was also maintained in
pre-migratory NC cells within the neural folds along the rostral-caudal axis (Figure 2F;
Supplemental Figure S3C; data not shown).

At later developmental stages, Sox9-positive cranial NC cells can be seen migrating in
streams toward the branchial arches and frontonasal process in 15ss embryos, while Pax7
expression was observed primarily in NC cells populating the rostral cranial mesenchyme
(Figure 2H; Supplemental Figure S3D). By the 20-21ss (Figure 21), AP2a., Sox9, and Sox10
expression was observed in the NC-populated maxillary process (Figure 2J, L). We also
observed Pax3, p75NTR, and Sox10 staining in the NC-derived cranial ganglia (Figure 2K,
L), and Pax3-positive cells are noted in anterior regions of the cranial mesenchyme (Figure
2K inset). AP2a expression was detected in the anterior non-neural ectoderm (Figure 2J).
Interestingly, Sox9 was detected throughout the otic vesicle (with stronger dorsal
expression), and AP2a signal appeared in a graded fashion with higher ventral expression
(Figure 27J). Caudally, Pax3, AP2a, Sox9, and Sox10 is maintained in 20-21ss trunk
migratory NC cells (Figure 2M-0; Supplemental Figure S4). Further, we observe p75NTR
expression in migratory NC cells (Figure 2M; Supplemental Figure S4). Robust Pax3 and
Sox9 expression, and to a lesser extent Sox10, was also observed in pre-migratory NC in the
dorsal aspect of the neural tube underlying the non-neural ectoderm. Definitive Pax7 and
Msx¥2 expression was not observed in pre-migratory nor migratory NC cells in trunk
sections (Figure 2N; Supplemental Figure S4E). Outside of NC cells, Pax3 and Pax7 was
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observed in the dermomyotome (Figure 2M; Supplemental Figure S4B, E), AP2a was
observed in the epidermis (Figure 20; Supplemental Figure S4D), and Sox9 was observed in
the paraxial mesoderm (Figure 20; Supplemental Figure S4D).

Throughout these experiments we tested the immunogenicity of the HNK-1 antibody in
embryos from 6-7 ss where we first identified migratory NC to the later stages 20 to 21 ss.
While migratory NC were detected with multiple other markers, no HNK-1 positive NC
cells were detected in the rabbit, while HNK1 revealed chick migratory NC as expected
(data not shown).

Comparative analysis of cranial NC markers in chick and rabbit embryos

The chick has been utilized extensively as a model for amniote NC specification and
development. We therefore directly compared the expression of known NC markers in 10ss
rabbit and chick (HH10) cranial NC cells. In both rabbit and chick, Sox9, Sox10, and AP2a
robustly mark migratory NC cells populating the cranial mesenchyme, with Sox9 and AP2a
further found in pre-migratory NC cells (Figure 3A, D, E, H; Supplemental Figure S3F).
Outside of the NC cells, AP2a also marks the non-neural ectoderm (Figure 3D, H). We next
compared Pax7 and Pax3 expression in rabbit and chick NC cells. In the chick, strong Pax7
expression is observed in both pre-migratory and migratory cranial NC (Figure 3F). Pax3
expression is detected in both, albeit with reduced signal (Figure 3G). In the rabbit, we find
Pax7 strongly expressed in pre-migratory NC cells located in the dorsal aspect of the fused
neural tube with, in these sections, a smaller number of Pax7-positive migratory NC cells
(Figure 3B; Supplemental Figure S3E). However, we note that Pax7 expression is detected
in migratory NC cells emerging from the midbrain in a slightly younger whole embryo
(Figure 2F, G). Further, at the 10ss, Pax3 expression is observed in both pre-migratory and
migratory NC (Figure 3C; Supplemental Figure S3E). At this stage in the rabbit, definitive
Msx¥2 expression is not detected in a more rostral section (Supplemental Figure S3F), while
in chick is confined to pre-migratory NC and the non-neural ectoderm, with very few co-
labeled Sox10 and Msx¥% cells (Supplemental Figure S3G). Taken together, we observe
broad conservation between rabbit and chick in the expression of markers of cranial NC
cells, with some differences in the expression of Pax3 and Pax7.

Rabbit neural crest cells are specified in the gastrula embryo

Studies in chick embryos indicate that NC cells are specified prior to the appearance of the
NPB, and before the detectable expression of NC marker genes. Specifically, a prospective
NC domain has been identified in gastrula epiblast tissue. This region does not display
definitive neural crest, neural, or mesodermal markers, but following culture, clearly
displays neural crest, but not mesodermal or neural, markers (Basch et al., 2006; Patthey et
al., 2009). Here, we took advantage of the flat and large rabbit embryo to assess if this early,
gastrula-stage NC specification occurs in mammals. To this end, we generated explants from
an equatorial strip of tissue from rabbit gastrula embryos (approximately stage 3+),
including lateral explants adjoining the area opaca; medial/primitive streak explants either
directly above or including the anterior tip of the primitive streak; and intermediate explants
between the primitive streak and lateral territories (Figure 4A). Explants were transferred
into collagen gels and cultured in isolation under non-inductive conditions. Explants were
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fixed uncultured (Tg) or after 24 or 45 hours of culture, and evaluated for NC (Pax7 and
Sox10) and mesoderm (Brachyury/T) marker expression. For our expression analysis, we
used sections of rabbit embryos displaying endogenous marker expression as comparative
controls (Figure 4J-L).

Uncultured explants (Tg) corresponding to lateral and intermediate regions do not reveal
Brachyury expression (Figure 4B). Further, Brachyury signal did not appear in intermediate
or lateral explants after 24h or 45h culture, but instead, medial explants (primitive streak)
cultured for 24h or 45h display stronger Brachyury expression (Figure 4C—F; Supplemental
Figure S5A). Consistent with our whole mount data, stage 3+ T uncultured explants do not
express Pax7 or Sox10, regardless of the region of the embryo from which explants are
derived (Figure 4B; Figure 1; Supplemental Figure S2).

We next analyzed NC marker expression in explants cultured for 24h (n=4 embryos) and 45h
(n=5 embryos). After 24h culture, Pax7 and Sox10 signal was not observed in explants
adjacent and/or lateral to the primitive streak (Supplemental Figure S5A). Instead, following
45h of culture, we observed robust Pax7 and Sox10 expression in the intermediate explants
(Figure 4C-F). These intermediate explants exhibited a heterogeneous population of Pax7,
Sox10 and Pax7/Sox10 positive cells. Further, re-staining of the intermediate explant
presented in Figure 4F revealed robust Sox9 expression, which significantly co-localized
with Pax7 and Sox10 (Figure 4l; Supplemental Figure S5B). Additionally, weak Sox10
signal was often detected in lateral explants, although at much lower levels than those seen
in intermediate explants. Taken together, these results suggest the presence of a NC-
specified region in the rabbit gastrula embryo. This region does not initially express NC
markers (Figure 4B; Figure 1A-C; Supplemental Figure S1A-E), but robustly does so
following culture in the absence of exogenous “inductive” signals. Furthermore, medial and
lateral regions of the gastrula embryo fail to express these NC markers when cultured under
identical conditions. Finally, given the restricted distribution of strong Brachyury signal to
the medial/primitive streak derived explants, these results suggest that early NC specification
in the rabbit is mesoderm independent.

FGF signaling is required for NC formation in rabbit gastrula explants

We have previously demonstrated a requirement for FGF signaling in early Avian NC
formation (Stuhlmiller and Garcia-Castro, 2012b), and therefore we asked whether this
signaling pathway is also required during rabbit NC formation. To this end, we used the FGF
inhibitor SU5402, which blocks FGF receptors (Mohammadi et al., 1997), and which we
have previously used to disrupt NC development in the chick (Stuhlmiller and Garcia-
Castro, 2012b). As above, strips of tissue were removed from approximately stage 3+ rabbit
embryos (n=5 embryos), and explants were generated covering the lateral, intermediate, or
medial/primitive streak regions. Explants were cultured in isolation in collagen gels for 45h
with or without SU5402, fixed, and analyzed for Pax7 and Sox10 expression. Intermediate
explants, which normally display robust Pax7/Sox10 expression, displayed a dramatic
reduction in signal for these markers in 4 out of 5 stripes tested (Figure 4G). These results
suggest that FGF signaling is necessary for the expression of Pax7 and Sox10 in the rabbit
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presumptive NC territory, and highlights the role this pathway plays in the induction of
rabbit NC cells.

Discussion

In this study, we explored rabbit NC formation and characterized for the first time the
expression of multiple NC markers from gastrula to neurula stages of development (stage 2
through 20-21ss) (Figure 5). Taking advantage of the large size and flat structure of the
rabbit gastrula, we performed explant assays to provide evidence that a specified population
of NC cells exists in the rabbit gastrula, and further reveal that the FGF signaling pathway is
required for the activation of NC markers in these explants. This is, to our knowledge, the
first demonstration of early NC specification in a mammalian gastrula embryo.

The rabbit as a model for mammalian NC development

Murine models have provided powerful tools for the study of mammalian development, and
the mouse currently serves as the sole embryonic model for mammalian NC formation.
However, a void of information exists regarding early events in embryonic mammalian NC
development. We and others have tried to replicate classic embryonic experiments to
advance our understanding of NC formation using early mouse embryos (E6.5), before the
establishment of the neural ectoderm, neural folds, and possible expression of NC markers.
However, the small size (150um) of the mouse embryo has represented a major challenge
not currently surpassed. Despite the widespread use of explant assays in the chick (Basch et
al., 2006; Patthey et al., 2009; Patthey et al., 2008; Wilson et al., 2001; Wilson et al., 2000),
to the best of our knowledge, no study has successfully utilized this technique to identify a
specified population of NC within the mouse gastrula. Murine genetic tools have led to
considerable progress in studies of later NC development; for example, genetic tracing of the
NC lineage, driven by NC cell-specific promoters (e.g. Sox10, Wnt1), have provided
invaluable information regarding the contribution of mammalian NC cells to adipocytes,
melanocytes, the outflow tract of the heart, and craniofacial structures, among others (Chai
et al., 2000; Li et al., 2000; Matsuoka et al., 2005; Billon et al., 2007; reviewed in Debbache
et al., 2018). However, no study to-date has addressed or revealed specific contributions to
earlier events underlying the initial acquisition of NC markers in murine models.

Here we suggest that the rabbit is an excellent alternative for embryonic mammalian early
NC studies. Used in classic embryology studies (Waddington and Waterman, 1933), the
large size, flat blastodisc, and standard mammalian germ layer arrangement of the rabbit
embryo provides powerful traits as an experimental model organism for early development.
While the rabbit blastula and gastrula (~600um) are approximately one-third the size of the
chick (~2.5 mm), they are considerably larger than the mouse (150um, and 300um when
flattened, at E6.0-6.5) (Figure S1). This large embryonic size provides enough spatial
resolution to address important questions in early mammalian development (Behringer et al.,
2013; Idkowiak et al., 2004; Tam and Gad, 2004; Viebahn, 2004; Viebahn et al., 2002).
Other studies have already capitalized on the large size of the rabbit embryo to perform
classic “cut-and-paste” experiments. Grafts from the rabbit node, primitive streak and
visceral endoderm have all been reported, and these tissues have been successfully
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introduced into chick gastrulae (Knoetgen et al., 1999; Knoetgen et al., 2000). In this report,
we have made use of these traits to demonstrate, for the first time, gastrula-stage
specification of mammalian NC cells.

Furthermore, an area of preeminent discrepancy in our current perception of NC
development emanates from differences regarding the proposed requirement for key NC
genes and signaling molecules which were established by studies in non-mammalian model
systems, but that have been contested by studies in the mouse (Barriga et al., 2015;
Stuhlmiller and Garcia-Castro, 2012a). For example, the critical role of BMP and Snail
genes in chick and Xenopus embryos appear dispensable for early NC induction in the
mouse (Correia et al., 2007; Murray and Gridley, 2006; Stottmann and Klingensmith, 2011).
Current appreciation of variation has been further boosted by recent findings not related to
NC, in which prominent variation in early cell-lineage decisions between mammalian
species where identified (Berg et al., 2011; Rossant, 2011). Importantly, the growth in the
use of human embryonic stem cell-based models of human NC to interrogate their formation
and differentiation potential (Chambers et al., 2016; Fukuta et al., 2014; Hackland et al.,
2017; Leung et al., 2016; Menendez et al., 2011; Mica et al., 2013; Umeda et al., 2015) has
empowered hopes for translational efforts (Betters et al., 2014). However, the pursuit of a
comprehensive understanding of in vivo mammalian NC formation using alternative models
is critical to inform a broader perspective of mammalian NC conservation and divergence —
which has deep health implications for human embryo development.

The rabbit has been widely used in biomedical research as a model for human disease
(Shiomi, 2009), and a number of qualities place the rabbit close to human biology. These
include the kinetics of embryonic gene activation (e Silva et al., 2012; Shi et al., 2004), early
embryo topography (Viebahn et al., 1995; Waddington and Waterman, 1933), placental
development (Carter, 2007; Enders and Carter, 2004; Samuel et al., 1975), and physiological
properties including lipid metabolism, autoimmunity, heart development, and pathology
(Bosze and Houdebine, 2006; Puschel et al., 2010b; Rogel-Gaillard et al., 2009). The case of
thalidomide is an excellent example where rodents failed to reveal the dramatic teratogenic
effect seen in humans and rabbits (McBride, 1977; Pearn and Vickers, 1966; Schumacher et
al., 1968). Taken together, these characteristics support the use of the rabbit as a powerful
complementary model of mammalian development towards human comparative studies, and
the work presented here represents a crucial step in addressing early embryonic mammalian
NC development.

Molecular markers of early rabbit NC development

We assessed NC marker expression in early gastrula rabbit embryos, which reveal no
specific signal for NC markers (Pax3, Pax7, Sox9, Sox10, Msx¥%2 and AP2a.) associated with
future NC territories up through stage 4+ (Figure 1A—F; Supplemental Figure S2A-E; and
data not shown). Previously, a histological analysis of rabbit NC development, devoid of
molecular markers, had failed to identify NC in rabbit embryos younger than 10-12ss
(Berke, 1965). Here we provide a thorough characterization of NC marker expression at
neurula stage 5-6, and report the expression of Pax7, AP2a,, Msx¥%z, and limited Pax3 in the
NPB/presumptive NC territory (Figure 1G-0O). These expression patterns are similar to
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those we observed in the chick (data not shown), and to what has been previously reported in
the literature for Avian HH5-6 and mouse E7.5 embryos (Basch et al., 2006; Khudyakov
and Bronner-Fraser, 2009; Shen et al., 1997). Interestingly, in stage 5+ embryos, we
observed Pax7 expression at the NPB, but no overt Pax3 expression (Figure 1G-K). In
slightly older stage 6 embryos we observed only a small number of Pax3-positive cells in the
rabbit NPB (n=3 embryos) (Figure 1L, M; Supplemental Figure S2G), in contrast to reports
of robust Pax3 expression in Aves and mouse (Bang et al., 1997; Basch et al., 2006). These
findings suggest that Pax7 expression in the rabbit proceeds that of Pax3. However, Pax3 is
robustly expressed in the pre-migratory and migratory NC cells of older rabbit embryos, and
is additionally found in NC derivatives such as the cranial ganglia (Figure 2; Figure 3;
Supplemental Figures S3 and S4). Future expression analyses, paired with functional assays,
will help to clarify the precise roles of Pax3 and Pax7 in the formation of the rabbit NC.

As rabbit embryogenesis proceeds, it has been reported that the neural folds begin to fuse at
the 8-9ss, with the completion of primary neurulation occurring at the 22ss (Peeters et al.,
1998). Consistent with this, at early somite stages, we typically observe well-established but
unfused neural folds. Pax7, Pax3, AP2a, Msx¥%2, and Sox9 are all expressed in cranial pre-
migratory NC cells at the tips of the unfused neural folds (Figure 2B—E). A small number of
Sox10-positive pre-migratory NC were also observed, but our observations indicate that
Sox10 more robustly marks rabbit migratory NC. In agreement with reports that NC
migration begins prior to the fusion of the neural folds in both the mouse and human
(Nichols, 1981; O’Rahilly and Miller, 2007), in the rabbit we observe migratory NC cells
adjacent to the unfused neural folds at the 6-7ss (Figure 2B—E). These freshly migrating NC
cells are marked by Pax7, Pax3, AP2a, Sox9, and Sox10, with a few cells weakly positive
for Msx¥%2. Importantly, the 6-7ss also marks the first point during our studies where we
observe definitive Pax3, Sox9, and Sox10 expression in presumptive rabbit NC cells. This is
consistent with reports that Sox9 and Sox10 first appear in Avian NC at HH9-10 (McKeown
et al., 2005; Suzuki et al., 2006); however, Pax3 is involved in earlier stages of NC
development in both the mouse and chick (Bang et al., 1997; Basch et al., 2006). As the
neural folds begin to close at the 8-9ss, Pax3, Pax7, and/or Sox9 positive cranial migratory
NC cells are visible adjacent to the midbrain neuroepithelium (Figure 2F-G). We also
observe migratory NC cells emerging from the posterior region of the forebrain (Figure 2F,
G; Supplemental Figure S3F), as has been reported in other model organisms and human
embryos (Couly and Le Douarin, 1987; O’Rahilly and Muller, 2007; Serbedzija et al., 1992).
More caudally at these early somite stages, the expression of Pax3, Pax7, Msx¥;, and AP-2a
is maintained in the pre-migratory NC located in the dorsal tips of the unfused neural folds
(data not shown).

In the 10ss rabbit embryo, as the anterior neural folds fuse, migratory mesenchymal NC as
well as premigratory NC display expression of Pax3, Pax7, Sox9, and AP2a, with Sox10
marking migratory NC in more rostral posterior forebrain sections (Figure 3; Supplemental
Figure S3F). Interestingly, the 10ss is the first stage when p75NTR — a marker that has been
used to identify NC cells in chick, mouse, and human embryos (Anderson et al., 2006; Lee
etal., 2007; Morrison et al., 1999; Wilson et al., 2004) — appears in the rabbit NC, although
broad expression is seen throughout the ectoderm and ingressing mesoderm of caudal
sections at this and earlier stages (stage 6 and 6-7ss, data not shown). At the 10ss, p7SNTR
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predominantly labels cranial migratory NC cells, rather than the pre-migratory NC (data not
shown). We also note that in our analysis, the HNK-1 antibody failed to recognize rabbit NC
cells (data not shown), in contrast to the chick (Bronner-Fraser, 1986; Tucker et al., 1984).
These results are consistent with reports that HNK-1 is largely non-specific for both murine
and human NC cells in vivo (Betters et al., 2010; Tucker et al., 1984; Tucker et al., 1988).

Following the closure of the rostral neuropore, by the 15ss cranial NC cells have migrated
into the frontonasal process, with Pax7 expressed more strongly in the rostral-most cranial
mesenchyme compared to Sox9 (Figure 2H). This is consistent with our observation of
Pax7-positive cells in a similar territory at the 8-9ss (Figure 2F, G). More caudally at the
15ss, Sox9 labels migratory NC cells traveling in streams towards the branchial arches
(Figure 2H). This pattern of migration has been well-characterized in both the chick and the
mouse, and has been described in human embryos (Lumsden et al., 1991; O’Rahilly and
Mdiller, 2007; Serbedzija et al., 1992). Taken together, we provide a molecular
characterization of rabbit NC development from gastrula to early neural stages, examining a
battery of markers frequently used in other model organisms (Figure 5). Our results suggest
that AP2a. and Msx¥%z appear early in the prospective border, but that their expression is
extended laterally into the non-neural ectoderm. Instead, the expression of Pax7 appears to
be the first marker with expression restricted to the prospective neural crest region of the
ectoderm, between the neural and non-neural ectoderm. As the border matures, restricted
expression of Pax3, Sox9, and Sox10 are displayed in anterior territories. Concurrently, the
early marker Msx%2 becomes more restricted to the NPB, while AP2a expression remains in
the lateral non-neural ectoderm. Soon after, emigration of NC cells is apparent - well before
the neural folds meet at the midline to close the neural tube. Finally, we also note that
P75NTR, but not HNK-1, label rabbit migratory NC at these stages.

Rabbit NC cells are specified as early as gastrula stage 3+ and requires FGF signaling

Cell fate decisions involve a progressive series of steps, with the initial event commonly
known as specification. This state represents a point in which a cell has started on the path
towards a particular lineage. Specified cells may not yet express markers associated with
later stages of differentiation, but would acquire these markers if development is allowed to
continue in the absence of disruptive signals. Specified cells may express specific markers
for that early stage. At this moment, we do not know of early specification markers of neural
crest cells prior to the early neurula stage when Pax7 becomes restricted to prospective NC.
It is therefore likely that specification relies on epigenetic marks that modulate expression
profiles, differentiating the specified cells from their precursors and alternative fates, and
promoting the future expression of genes associated with the specified fate. These suggested
epigenetic marks of the early specification of NC also remain to be elucidated, and are the
focus of ongoing efforts. At later stages, following activation of the gene network, the
specified cell may become committed towards that fate (neural crest) and be unable to adopt
alternative programs. In the case of the multipotent neural crest, pre- and migratory NC
retain plasticity towards multiple NC-terminal derivatives on one hand, and published
evidence suggest that they can also adopt apparent CNS character including ventral neural
tube (Ruffins et al., 1998). However, the earlier specification state does not attest to cell fate
commitment, but instead reflects the initiation of the progression towards that fate.
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A specified population of NC has been demonstrated in both Avian and Xenopus embryos,
either during gastrula stages in the chick, or coincident with the completion of gastrulation
in frogs (Basch et al., 2006; Mancilla and Mayor, 1996; Patthey et al., 2009; 2008). In the
flat disc of the chick embryo, this NC-specified region is located between the center and
lateral edge of the embryonic disc (Basch et al., 2006; Patthey et al., 2009; Patthey et al.,
2008). More lateral territories are specified as presumptive epidermis, whereas medial
explants yield neural tissue (Patthey et al., 2009; Wilson et al., 2001; Wilson et al., 2000).
Despite this progress in Xenopus and Avian embryos, to our knowledge no study has
successfully evaluated early NC specification in an embryonic mammalian system.
Importantly, our human model of NC development based on embryonic stem cells suggests
that human NC formation is independent of neural and mesodermal tissues (Leung et al.,
2016), lending support to the model of the early specification of mammalian NC.

In this report, we have successfully applied embryonic microdissections and explant
specification assays to the flat and relatively large rabbit embryo. Our results demonstrate
that tissue directly adjacent to the primitive streak — designated as the “intermediate”
territory — does not display NC-marker expression at stage 3+ in the rabbit (Figure 1; Figure
4B). However, after 45 hours of culture in isolation under non-inducing conditions,
intermediate explants robustly express NC markers Pax7, Sox9, and Sox10 (Figure 4C-F).
These results strongly suggest that, in the mammalian rabbit embryo, the intermediate
gastrula is specified to form NC. This presumptive rabbit NC territory is similar, but slightly
proximal, to the NC-specified region observed in the chick (Basch et al., 2006; Patthey et al.,
2008). Importantly, the lack of Brachyury expression in these intermediate explants,
compared to medial/primitive streak explants, suggest that rabbit NC specification occurs
independent of mesoderm.

Here, we refer to the early specification events underlying NC development, and thus,
“specified NC” cells are those that have initiated the NC gene program and will continue a
progressive development towards the NC fate, via the acquisition of NC marker expression,
if permissive conditions persist. Nevertheless, it is important to reiterate that these assays do
not attest to cellular commitment to the NC fate, and it remains possible that these cells
could be redirected towards other fates upon alternative instructive signals. Further, we note
that these experiments clearly identify a regionally segregated cell population specified
towards the NC fate, and expose the heterogeneity at the explant level. Simultaneously, the
expression of NC markers is not homogeneous within the specified explants, and thus
heterogeneity within the explant could have led to inductive interactions during culture. Our
current experiments cannot establish if the NC cells were induced during or before culture. It
will be critical for future experiments to further address the temporal specification and
possible alternatives to the classic model of induction.

Finally, we observed the loss of definitive Pax7 and Sox10 expression in intermediate
explants following the inhibition of FGF signaling (Figure 4G). FGF signaling has been
associated with NC development in Xenopus and Avian embryos (Hong et al., 2008;
Monsoro-Burqg et al., 2003; Stuhlmiller and Garcia-Castro, 2012b), and mice carrying
mutations in FGF8 demonstrate NC defects at later developmental time points (Abu-Issa et
al., 2002; Frank et al., 2002). However, the role of FGF signaling in early mammalian NC
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specification or induction is poorly understood. In Xenopus it had been proposed that FGFs
activate WNTSs in the mesoderm, and thus participate indirectly in NC formation; instead in
chick, FGF was shown to be required in the ectoderm during early NC formation
(Stuhlmiller and Garcia-Castro, 2012b). Our findings suggest that rabbit NC formation,
similar to chick, is dependent upon FGF signaling in prospective NC territories.

Conclusions

In this report, we have established the rabbit as a model for mammalian NC development.
We analyzed the expression of 8 markers of NC cells frequently reported in other model
organisms, detailing for the first time their association with rabbit NC development from
early gastrula to mid-neurula stages, and provide comparative insights toward other model
organisms. Furthermore, we provide evidence that rabbit intermediate explants (adjacent to
the primitive streak) from gastrula embryos are indeed specified to launch NC development.
These explants do not express NC markers after dissection; however, after 45h of culture
under non-inducing conditions, they display robust expression of NC markers Pax7, Sox9,
and Sox10. Using this specification assay, we also demonstrate a role for FGF signaling in
early rabbit NC formation. To our knowledge, this is the first demonstration of early NC
specification in a mammalian system, and the role of FGF signaling in mammalian early NC
formation. Collectively, this work provides an exciting basis for future research evaluating
rabbit NC formation, which together with the completion of the rabbit genome (Carneiro et
al., 2014) and the ability to perform functional analyses via bead implantation (Fischer et al.,
2002) or electroporation, will enable the characterization of the cellular and molecular
events governing the early formation of mammalian NC.
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Highlights
Molecular characterization of neural crest formation in the rabbit embryo.

First evidence of early neural crest specification in a mammalian embryo.

. FGF signaling is required for rabbit neural crest formation.
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Figure 1.
Expression of neural crest markers in early rabbit embryos. (A) Stage 3 rabbit embryo

reveals posterior expression of T/Brachyury (mesoderm), but no Pax7. Blue and white lines
indicate levels of sections in (B) and (C), respectively. (B-C) Sections from a stage 3 rabbit
embryo stained for Pax7 and T. Anterior sections do not display Pax7 nor T expression (B),
while T expression is observed in the ingressing mesoderm of posterior sections taken
through the primitive streak (C). T-positive cells are also observed in the epiblast overlying
this region. Asterisks in panels (B) and (C) indicate the border of the embryonic/
extraembryonic tissue. (D) Stage 3+ embryo stained for AP2a and the mesodermal marker
Thx6. While AP2a is not detected in prospective NC territories at this stage, expression is
detected in the extraembryonic tissue surrounding the entire embryo. Thx6 is detected in the
posterior epiblast. (E) Stage 4 embryo stained for Pax3 and the neural marker Sox2. While
no Pax3 expression is detected, Sox2 is robustly expressed in the anterior epiblast, marking
the prospective neural tissue. (F) Stage 4+/5 embryo stained for Msx%2 and AP2a. Msx¥% is
detected in the posterior epiblast and in the extraembryonic tissue. AP2a signal is detected
in the extraembryonic tissue, in particular surrounding the embryo at the border of the area
pellucida and area opaca. (G) Whole mount early neurula stage 5-6 rabbit embryo reveals
Pax7 and T expression. White line indicates the level of sections presented in panels (H-O).
(H-1) Anterior sections reveal Pax7 expression in the early neural plate border and Sox2 in
the neuroectoderm. Panel (1) is a magnified image of the region boxed in (H). (J-K) Pax3
and Msx¥z expression is not detected in the neural plate border in sections from a st. 5+
embryo. Panel (K) is a magnified image of the region boxed in (J). (L-M) Msx¥2 expression
is detected in the neural plate border, in addition to a small number of Pax3-positive cells.
Panel (M) is a magnified image of the region boxed in (L). (N-O) AP2a expression is
detected in the neural plate border, with some expression extending into the non-neural
ectoderm. T expression is detected in the underlying mesoderm. Panel (O) is a magnified
image of the region boxed in (N). ps, primitive streak; npb, neural plate border; ne,
neuroectoderm
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Figure 2.
Markers of pre-migratory and migratory rabbit neural crest cells. (A) Bright field image of a

whole 6-7ss rabbit embryo. White line indicates axial level of sections presented in (B-E).
(B) Cranial section of 6-7ss embryo reveals AP2a and Sox9 expression in migratory NC
cells, as well as in the tips of the unfused neural folds. A number of double-positive cells are
observed. AP2a expression also extends out into the non-neural ectoderm. A magnified
image of the boxed region is presented in (B”). (C) Pax7 expression is detected in both pre-
migratory and migratory cranial NC cells. A magnified image of the boxed region is
presented in (C’). (D) Pax3 labels both pre-migratory and migratory cranial NC cells at the
6-7ss. A magnified image of the boxed region is presented in (D’). (E) Staining for Msx¥%2
and Sox10 reveals Msx¥2 expression predominantly in the neural plate border/pre-migratory
NC, with a few Msx¥2-positive migratory NC cells. By contrast, Sox10 expression is most
frequently observed in migratory NC cells at this stage. A magnified image of the boxed
region is presented in (E’). (F) Whole 8-9ss rabbit embryo stained for Pax7, Pax3, and Sox9,
presented as a tiled compilation of two images. Migratory NC cells are observed emerging
from the level of the midbrain. A magnified image of the boxed region is shown in (G), and
single-channel images in (G’-G’’"). (H) Migratory cranial NC cells observed at the 15ss,
with Pax7-positive cells populating the frontonasal process, and Sox9-positive cells
migrating towards the branchial arches (asterisks). (1) Brightfield image of a whole 20-21ss
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rabbit embryo. Arrowheads indicate the axial levels of the sections presented in (J-L)
(cranial; orange) and (M-O) (trunk; purple). (J) AP2a. and Sox9 staining of cranial sections
from a 20-21ss embryo. AP2a and Sox9-positive cells are observed in the otic vesicle as
well as the NC-populated maxillary process. (K) Pax3 and p75 staining of cranial sections
reveals Pax3 and p75 expression in the NC-derived cranial ganglia. Pax3 expression is also
observed in the neuroepithelium, and in the cranial mesenchyme of more rostral sections
(inset). (L) Sox10 expression is observed in the cranial ganglia, and sparse Sox10-positive
cells are found in the maxillary process. Definitive Msx¥%z signal is not observed. (M-O)
Trunk sections generated from 20-21ss embryos at the axial level marked by the purple
arrowhead in panel (I). (M) Pax3 and p75NTR expression is detected in migratory NC cells,
with Pax3 further marking pre-migratory NC. (N) Sox10 marks rabbit migratory NC cells.
Msx¥2 expression is not detected. (O) AP2a and Sox9 expression marks migratory NC cells.
Sox9 expression, but not AP2a., is detected in trunk pre-migratory NC. Arrows mark
examples of migratory NC cells. ne, neuroepithelium; fb, forebrain; mb, midbrain; hb,
hindbrain; cm, cranial mesenchyme; fnp, frontonasal process; ov, otic vesicle; ss, somite
stage; d, dermomyotome.
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Figure 3.
Comparison of cranial neural crest cell markers in 10ss rabbit and chick embryos. Rabbit

(A-D) and chick (E-H) midbrain cranial sections from 10ss embryos stained for the NC
markers Sox9 (A, E), Pax7 (B, F), Pax3 (C, G), and AP2a (D, H). At this stage and axial
level, broad conservation is observed in NC marker expression between the two species,
with subtle differences in the expression of Pax7 and Pax3.
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Figure 4.
Rabbit neural crest is specified in the gastrula embryo and requires FGF signaling. (A)

Representative schematic of explant generation from stage 3+ rabbit gastrula embryos. All
explants were co-stained for NC markers Pax7 and Sox10, and the mesodermal marker T.
(B) Uncultured (T0) explants generated from stage 3+ rabbit embryos do not express Pax7
or Sox10. (C-F) Explants generated from stage 3+ were cultured for 45h and stained for
Pax7, Sox10, and T. Explants from four representative embryos are shown (n=>5 total
embryos). After culture, “intermediate” embryos express Pax7 and Sox10. (G) Explants
generated from stage 3+ embryos and cultured for 45h in the presence of 10 [M SU5402 to
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inhibit FGF signaling. After treatment, intermediate explants do not express Pax7 and
Sox10. Explants from one representative embryo shown (n=5 total embryos). (H) A
magnified image of Pax7 and Sox10 positive cells in the intermediate explant presented in
(E). (1) The intermediate explant presented in (F) was re-stained for Sox9 (blue). (J-L)
Endogenous Sox10, Pax7, and T expression in cranial sections from 5ss and 10ss embryos
were used as comparative controls. m, medial/primitive streak; i, intermediate; 1, lateral.
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Figure 5.
Molecular markers of early rabbit NC formation and migration. Summary of molecular

markers of rabbit NC investigated in this report. (A) Expression patterns of NC markers at
the early neural plate. This study indicates that Pax7 is the first marker with expression
restricted to the NPB. Very few Pax3-positive cells are detected in at the NPB in stage 6
embryos. (B) NC markers are expressed in pre-migratory NC cells at the tips of the unfused
neural folds, as well as in freshly migratory NC cells. (C) Rabbit NC cells robustly migrate
from the closed neural tube at anterior and posterior axial levels. We note that Pax7
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expression was not detected in pre-migratory nor migratory NC in trunk sections at 20-215ss.
The HNK-1 antibody failed to recognize rabbit NC cells. npb, neural plate border; ne,
neuroectoderm; nne, non-neural ectoderm.
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