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a b s t r a c t

The development of the nervous system involves cells remaining within the neural tube (CNS) and a group
of cells that delaminate from the dorsal neural tube and migrate extensively throughout the developing
embryo called neural crest cells (NCC). These cells are a mesenchymal highly migratory group of cells
that give rise to a wide variety of cell derivatives: melanocytes, sensory neurons, bone, Schwann cells,
etc. But not all NCC can give rise to all derivatives, they have fate restrictions based on their axial level
of origin: cranial, vagal, trunk and sacral. Our aim was to provide a thorough presentation on how does
trunk neural crest cell migration looks in the chicken embryo, in wholemount and in sections using
the unique chicken marker HNK1. The description presented here makes a good guideline for those
ox10
eural crest
eripheral nervous system

interested in viewing trunk NCC migration patterns. We show how before HH14 there are few trunk NCC
delaminating and migrating, but between HH15 through HH19 trunk NCC delaminate in large numbers.
Melanocytes precursors begin to enter the dorsolateral pathway by HH17. We found that by HH20 HNK1
is not a valid good marker for NCC and that HNK1 is a better marker than Sox10 when looking at neural
crest cells morphology and migration details.

thor
© 2015 The Au

ntroduction

The development of the nervous system is a fascinating process
nvolving cell induction, determination and movement. Of all
mbryonic cell types that have key roles during development, the
eural crest is unique: it consists of mesenchymal highly migratory
ells that are stem cells, which can give rise to a wide variety of cell
ineages. In addition to forming neurons and glia of the peripheral
ervous system, neural crest cells form craniofacial skeleton,
eeth, cornea, melanocytes and adrenal chromaffin cells. This wide
ariety of cell types arises from multipotent cells that have stem
ell properties (Bronner-Fraser and Fraser, 1988; Stemple and
nderson, 1992).

After neural crest cells have been determined at the beginning
f neurulation when the neural tube closes and pinches off from
he ectoderm, they undergo an epithelial to a mesenchymal cell
ype change at the dorsal neural tube and transform into a migra-
ory population that moves extensively throughout the developing
mbryo (Garcia-Castro and Bronner-Fraser, 1999). One key aspect

s that neural crest cells migrate along much conserved pathways
hroughout the embryo (Bronner-Fraser, 1994; Le Douarin, 2004).
he molecular nature of the cues guiding these specific movements
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are only beginning to be understood and appear to differ at dif-
ferent axial levels of the nervous system. Importantly, neural crest
cells are classified depending on their point of origin. Thus we have
cranial neural crest cells, vagal, trunk and lumbo-sacral (Fig. 1)
(Le Douarin et al., 1993). Each population has different potentials
regarding their derivatives and target areas. The most versatile is
the cranial crest because it is the one that can give rise to peripheral
nervous system, but also to cranial and facial structures, corneal
keratinocytes and olfactory glia (Baker, 2005; Santagati and Rijli,
2003).

With the advent of antibodies and specifically, the discovery
that the HNK1 epitope is highly abundant in migrating neural crest
cells a new path was opened in the study of neural crest cells
and their migratory pathways (Tucker et al., 1984; Vincent et al.,
1983). Thus we came to know that trunk and vagal neural crest
cells follow a specific stereotypical pathway: they migrate along
the rostral 2/3 portions of the somite and they avoid the caudal
third (Bronner-Fraser, 1986; Loring and Erickson, 1987; Rickmann
et al., 1985). Although this unique migration pattern has been
elegantly demonstrated, known and well-studied in large num-
ber of manuscripts, it has not been updated with more modern
microscopy capabilities since the 1980s to provide a big overview

of trunk neural crest migration. Here we want to pay homage and
expand on the work done in the labs of Marianne Bronner, Nicole Le
Douarin, Carol Erickson and Jean Luc Thiery by presenting a wider
range of immunostaining of trunk neural crest cells across several

s article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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Fig. 1. HNK1 labels chicken neural crest cells in great detail. (A) Neural crest cells in culture show classic morphology of mesenchymal cells: many filopodia and lamellipodia.
Neural crest cells are stained with HNK1 (green) and other cells with actin (red). (B) Dorsal view of delaminating trunk neural crest cells on top of the two halves of the
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runk neural tube. The neural tube is labeled with DAPI. (C) Midtrunk section thro
holemount side views of migrating trunk neural crest cells in caudal (D) or rostr

M: ventro-medial migrating NCC. (For interpretation of the references to color in

tages ranging from their initial steps onto their peak. The aim here
s to provide a thorough presentation on how does trunk neural
rest migration look in the chicken embryo, in wholemount and
n sections, thus providing what we think will be a valuable rep-
esentation on trunk neural crest migration for those interested
n studying these cells as well as a reference for knowing what to
xpect for these cells at their different stages of development.

aterials and methods

nimals

Chicken embryos were obtained by incubating fertilized chicken
ggs at 38 ◦C as described by Hamburger and Hamilton (1951) until
esired stage of development. Embryos were collected and after
ently removing their membranes were fixed overnight at 4 ◦C in
% paraformaldehyde.
holemount immunofluorescence

After overnight incubation in blocking buffer (PBS with 1%
riton-X100, 10% goat serum), chicken embryos were incubated
H17 embryo shows migrating trunk crest cells throughout the trunk region. (D–F)
of HH17 embryo and rostral (F) of HH20 embryo. DL: dorso-lateral migrating NCC,
ure legend, the reader is referred to the web version of this article.)

with 1:50 HNK1 supernatant (DHSB, Iowa) or Tuj1 (Sigma) in PBS
overnight at 4 ◦C, then were extensively washed (minimum of 3 h
with at least 6 changes) with PBS and then incubated with and goat-
anti-mouse IgM secondary antibodies conjugated Alexa Fluor®

Dyes 1:500 (Invitrogen, Carlsbad, CA, USA). Next day embryos were
washed extensively (minimum of 3 h with at least 6 changes) in
PBS. We also added DAPI to visualize nuclei, 1:5000. Embryos were
photographed using a 4× lens objective with a Zeiss A-1 AxioIm-
ager and images were aligned and positioned next to each other to
create the composite wholemount with Photoshop.

The new developments for high resolution microscopy and
improvements over past optics are described here: http://zeiss-
campus.magnet.fsu.edu/tutorials/basics/objectivemagnification/
indexflash.html.

Immunofluorescence
Chicken embryos were either mounted in 4% agarose and
vibratomed (50 �m sections) and photographed with a Zeiss
AxioImager microscope or serially dehydrated for paraffin
embedding. Paraffin blocks were sectioned (12 �m sections),

http://zeiss-campus.magnet.fsu.edu/tutorials/basics/objectivemagnification/indexflash.html
http://zeiss-campus.magnet.fsu.edu/tutorials/basics/objectivemagnification/indexflash.html
http://zeiss-campus.magnet.fsu.edu/tutorials/basics/objectivemagnification/indexflash.html
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Fig. 2. Wholemount views of HH11–19 embryos with HNK1. HNK1 labels migrating trunk neural crest poorly in HH11 and HH12 (A, B), but strongly by HH15 (C). Footnotes
indicate the stage of the chicken embryo. Vagal crest is indicated in (C). Arrow in (D) points to 16th somite. Arrow in (E–G) to migrating NCC at tail ends. Arrowhead in (G)
point to thinning of NCC streams, indicating that they are beginning to condense. In (A) o.v. stands for otic vesicles.



258 D. Giovannone et al. / Acta Histochemica 117 (2015) 255–266

F not m
n antly.
a

d
i
w
0
o
w
b
1

I

o
s
w
s
b
h
t
e
i
N
d
T
T
(

E

o
t
c
i
i

ig. 3. Wholemount with HNK1 views of chicken tail end. (A) At HH15 there are
umbers). (B) By HH16 the amount of cells positive for HNK1 has increased signific
s migrating through the last somites.

eparaffinized and serially rehydrated, before rinsing several times
n PBS and blocked in 10% normal goat serum for 1 h. HNK1 antibody

as diluted in a permeabilizing solution (PBS, 0.2% Triton X-100,
.1% sodium azide) according to the optimal dilutions and placed
n the slides to incubate overnight at room temperature. Sections
ere then treated with Alexa Fluor® Dyes 1:500 (Invitrogen, Carls-

ad, CA, USA) fluorescently labeled secondary antibodies diluted
:1000 in PBS.

n situ hybridization

Chicken embryos were fixed in 4% paraformaldehyde (PFA)
vernight before being stored in 0.1 M phosphate buffered
aline (PBS). Patterns of gene expression were determined by
hole-mount in situ hybridization using DIG-labeled RNA anti-

ense probes as described in Grove’s lab website (http://www.
cmneuroscience.org/groveslab/protocols.php). Briefly embryos in
ybridization buffer are incubated at 65oC overnight with respec-
ive probe. Next day after washing with hybridization buffer
mbryos are further washed in maleic acid buffer before block-
ng and adding anti-digoxigenin alkaline phosphatase antibody.
ext day embryos are extensively washed and color reaction
one following Boehringer instructions for NBT/NCBI substrates.
he cSox10 probe used is described in (De Bellard et al., 2003).
he Seraf chicken plasmid was kindly obtained from Jim Weston
Wakamatsu et al., 2004).

lectroporations of chicken neural tubes

Chicken embryos HH15 were windowed by cutting a small hole
n the shell and visualized with India ink (10% in Ringer’s solution)

o determine their stage of development. After gently removing
overing membrane, 1–2 mg/ml solution of DNA (pMES-GFP) was
njected into the embryos neural tubes using a mouth pipette and
mmediately electroporated with two 50 ms pulses of 20 mV each.
any trunk neural crest delaminating from last 5 somites (these are indicated by
Tail ends of HH17 (C) and HH18 (D) have twice as many cells delaminating as well

Embryos were sealed with tape and re-incubated for 48 h until
fixation in 4% paraformaldehyde.

Results and discussion

While HNK1 antibody has been known to be a good marker
for neurons (Metcalfe et al., 1990) and Schwann cells (Bock et al.,
2007), it has been better known/used for its ability to label chicken
neural crest cells. The advantage that HNK1 provides when study-
ing neural crest cells is because these cells put large amounts of
this carbohydrate epitope on their surface and thus are thoroughly
labeled by this antibody (Del Barrio and Nieto, 2004; Loring and
Erickson, 1987). Nevertheless, chicken is not the only organisms
whose neural crest cells express HNK1 epitope. Other squamata,
like turtles, snakes and crocodile neural crest are well labeled with
HNK1 (Cebra-Thomas et al., 2007; Kundrat, 2008; Reyes et al.,
2010). Although the best universal marker for neural crest cells is
the transcription factor Sox10 (Cheng et al., 2000; Sauka-Spengler
and Bronner-Fraser, 2006), HNK1 as shown above is a reliable and
easy marker to use when studying neural crest cells, thus our
present approach following on a well-established method by crest
researchers and as a practical way to study in detail the migratory
pattern of these cells in the chicken embryo.

A confocal projection of a group of trunk neural crest cells
after explant culture with cells labeled with HNK1 highlights the
advantage of using HNK1: neural crest cells immunostained with
this antibody show their cell morphology to the greatest detail:
all the lamellipodia ruffles and filopodia (Fig. 1A). These cultures
show in two dimensions, what is the classic mesenchymal shape
of trunk neural crest cells in vivo (Fig. 1B–F). The development of
more modern and sophisticated optics in microscopes combined

with the development of highly sensitive CCD cameras providing
higher resolution, allowed views of embryo development not pos-
sible in the 1980s and 1990s (Sandell et al., 2012; Yokomizo et al.,
2012). Using these new available techniques we are providing here

http://www.bcmneuroscience.org/groveslab/protocols.php
http://www.bcmneuroscience.org/groveslab/protocols.php
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ig. 4. Wholemount views of HH16 embryo with HNK1. (A) Wholemount embry
agnification of the rostro to caudal progression of neural crest migration. (F) A tru

wider description and showcase of the known trunk neural crest
igration patterns across chicken embryo axial levels as well devel-

pmental stages.

eural crest cells delamination and morphology
The neural crest starts as an epithelial population in the dorsal
eural tube and becomes migratory after undergoing an epithe-

ial to mesenchymal transition. HNK1 antibody labels the neural
h HNK1 shows many cells migrating in the first half of the trunk. (B–E) Higher
ction pointed with arrow in (A) wholemount.

crest as soon as they delaminate and start migrating away from
the neural tube (Bronner-Fraser, 1986). Thus they can be seen as
individual cells with filopodia and lamellipodia on top of the neu-
ral tube (Fig. 1B, E). Next step in their migration happens when
these cells encounter the medial portion of the developing somite

and start what is referred to as their “ventro-medial” pathway (sec-
tion in Fig. 1C, D, E). At later stages, a “second” wave of migrating
trunk neural crest cells that will give rise to melanocytes and skin
structures, enter what is referred as the “dorso-lateral” pathway.
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Fig. 5. Wholemount views of HH17 embryo with HNK1. (A) Wholemount embryo with HNK1 shows many more cells migrating along the trunk. (B–E) Sections pointed in
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holemount embryo. (F) A midtrunk section in HH19 and (G) of HH20 embryo to h
f trunk migrating, while in (G) the lack thereof.

ere cells migrate under ectoderm and above somitic tissue in a
on-segmental pattern since they are not guided by the caudal
omites chemorepellants but by ectoderm signals that attract them
oward developing skin like SCF and kept away by somite morpho-
enesis (Fig. 1C, F) (Belmadani et al., 2009; Grichnik, 2006; Tosney,
004).

The first aspect that newer microscopy optics allows us to
bserve is what is commonly referred as wholemount immunofluo-
escence. Here we can appreciate the sophistication of the neural
rest pathways in better resolution and in one single image, not
ossible or shown when these pathways were demonstrated in mid
0s is the ventromedial and dorsolateral pathways that trunk crest
ake at later stages (Fig. 1D–F). In this figure not only can we observe
ells that are already beginning to migrate toward the dorsal aorta
VM in Fig. 1C), but also those that started to migrate under the
ctoderm (not segmentally any longer) as future melanocytes (DL
n Fig. 1C, F). Thus with new microscope power we can observe at

uch greater detail and better resolution what was not feasible
n the early 1980s when these seminal studies demonstrated the
egmental migration of trunk neural crest (Bronner-Fraser, 1986;
oring and Erickson, 1987; Rickmann et al., 1985). This is the first
escription of this scope (several stages and higher resolution) that
e are aware of for trunk neural crest cell migration after those
apers.
Neural crest cells delaminate in a neat orderly rostral to caudal
ashion, starting with cranial crest first and ending with sacral neu-
al crest (Bronner-Fraser and Cohen, 1980; Clay and Halloran, 2010;
ulesa and Gammill, 2010; Le Douarin, 1980). This pattern has been
ht the reduction of cell migrating by these stages. Arrows in (B–E) point to streams

named segmental migration and consists on a wave of delaminating
cells as the neural tube develops in the early embryo, thus trunk
neural crest does not start migrating until the trunk neural tube
has developed at least 7 somites, not counting vagal region (1–7th
somite), therefore, trunk crest does not appear before HH12–13
(Bronner-Fraser, 1995a,b; Krull, 2001). Carrying out wholemount
immunostaining of chicken embryos ranging from HH11 to HH19
allows us to appreciate the extent of the rapid and abundant migra-
tion of the trunk neural crest in early chicken embryo in a rostral
to caudal progression (Fig. 2). At HH11–12 we see very few neural
crest cells delaminating and migrating at the trunk level, although
the cranial crest is migrating extensively and vagal crest is begin-
ning. At this stage is also noticeable that somites are also slightly
positive for HNK1 as was demonstrated in the past (Newgreen
et al., 1990). But by HH15 and 16 we observe abundant number
of cells migrating past the vagal region (somites 1–7). The peak of
trunk neural crest migration occurs at HH17–18, when the largest
numbers of cells are migrating throughout the embryo, which will
continue through HH19 (Fig. 2E–G). Another noticeable observa-
tion is that by HH19 the vagal region although it has HNK1 cells,
we know from sections that these HNK1 positive cells correspond
to Schwann cell precursors and differentiating sensory neurons
condensing into spinal ganglia (Fig. 2G).
Trunk neural crest migration pattern at tail end

One finding that stands out from doing this side-by-side whole-
mounts projections is the difference at the tail end between
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Fig. 6. Wholemount views of HH18 and HH19 embryo with HNK1. (A) Wholemount embryo with HNK1 shows the peak of trunk neural crest migration along the whole
trunk in HH18 embryo. (B–E) Higher magnification of the rostro to caudal progression of neural crest migration of HH18 embryo in (A). DRGs can be seen in (B) (arrows). (F)
HH19 embryo, arrowhead points to vagal region spinal nerves, arrow points midtrunk crest cells still migrating.
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H15–16 and HH17–18 in the amount of delaminating neural crest
ells. Comparing across figures it is noticeable that at HH15 there
re fewer delaminating neural crest cells in the last 5 somites
Fig. 3A, B), while in HH17–18 there is a larger area labeled with
NK1 along the neural tube before entering the somites (Fig. 3C,
). Trunk neural crest cells are seen entering the rostral portion
f the somites in the fifth somite formed from tail end in HH15
Fig. 3A). However, the amount of cells entering the somites is much
arger in HH17 embryos, suggesting that there is larger number of
ells delaminating at this stage of development than earlier periods
Bronner, 2012; Krispin et al., 2010; Vaglia and Hall, 1999). This is
urther corroborated in Fig. 8 with Sox10, which shows a much
maller Sox10 labeling in the last somites compared with HH17
Fig. 8D, E).

Another key observation with new camera technologies that
as not possible in the past is showing the presence of migrating
eural crest cells on top of the neural tube. The first manuscripts
hat focused on showing neural crest migration did it in sections,
ot wholemounts. At earlier stages, HH15–16, we found few to

one, but by HH17–19 we observed large numbers of trunk neural
rest cells visible on the top portion of the neural tube. This implies
hat at these stages the neural crest is at its peak of delamination
Fig. 3A–D).
Trunk neural crest migration pattern in HH16

A closer look at HH16 chicken embryo immunostained with
HNK1 shows vigorous migration along the first 16 somites (Fig. 4A).
The vagal neural crest starts showing signs that the first wave of
cells had reached the dorsal aorta region and are beginning to con-
dense and fuse into the sympathetic chain (Kuo and Erickson, 2010),
while more caudal segments show segmental wave of cells migrat-
ing ventrally toward dorsal aorta region where they will form the
future sympathetic chain (Fig. 4C, E). A section around the 11th
somite shows a cluster of HNK1 positive cells in larger numbers by
the future dorsal root ganglion (DRG) region next to neural tube, a
scattered group of trunk crest cells migrating toward the aorta and
few HNK1 positive cells ventral to aorta corresponding to vagal
crest cells that entered the gut mesenchyme to eventually give rise
to enteric nervous system (Burns and Le Douarin, 2001) (Fig. 4E).

Trunk neural crest migration peaks at HH17
The peak of trunk neural crest migration is considered to be
at HH17–18 (Bronner-Fraser, 1993; Le Douarin and Dupin, 1993;
Le Douarin et al., 1993). It is easy to see why these researchers
deemed it so from observing embryos aligned together (Fig. 2) and



262 D. Giovannone et al. / Acta Histochemica 117 (2015) 255–266

Fig. 7. Wholemount views of HH20 embryo. (A) Wholemount embryo with HNK1 shows a great reduction in migrating HNK1 labeled trunk neural crest, noticeable in tail end
(arrow in (A)). (B) Section through embryo in (A) shows the ventral pathway in HNK1 as well as enteric plexus (arrow) in the gut, arrowhead points to dorsomedial cells along
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elanocytic pathway. (C) Arrowhead points dorsomedial migrating cells in HNK1. (D
ith GFP labels peripheral nerves entering forelimb. (F) Neuronal marker Tuj1 label

ell marker Seraf labels their precursors along sympathetic chain (arrowhead) and

y observing how much migrating trunk crest cells has increased
n numbers and along the growing rostro-caudal axis (Fig. 5A).
erial sections along the trunk at this stage show robust number
f cells migrating in “clusters” or better, chains (see also Fig. 1C,
). This pattern has been excellently review by Theveneau and
ayor (2012), and is better known as “collective cell migration”

Theveneau et al., 2010; Theveneau and Mayor, 2010). This type of
igration is lost at later stages as can be seen by comparing similar

NK1 midtrunk sections later in development (HH19–20). At HH19

s obvious that neural crest cells are not migrating in chains but are
eginning to coalesce and form DRGs (Fig. 5F) so that by HH20 we
annot distinguish neural crest cells by HNK1 which labels the DRG
w points Sox10 cells migrating under the ectoderm. (E) Neural tube electroporated
rentiated neural crest in DRG (arrowhead) and cranial ganglia (arrow). (G) Schwann
s entering hindlimb (arrow).

capsule, and we can easily observe a separate group of cells, the DRG
(Fig. 5G).

Trunk neural crest migration stays strong in HH18–19
embryos

An embryo at HH18 shows many more developments and differ-
ences compared with HH16 since organogenesis is well underway

(heart, ear, limb buds, etc. are clearly distinguishable) (Hamburger
and Hamilton, 1951). The vagal DRGs are already advanced in devel-
opments as seen by their condensing into ganglia as well as by
lack of HNK1 migrating cells between the dorsal neural tube and
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Fig. 8. Wholemount views of HH10–20 embryos with Sox10. Sox10 transcription factor labels migrating trunk neural crest very well in chicken embryos. (A–F) Cranial neural
c giving
v –G). B
c )). Fo
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rest cells (CNCC) are beginning to migrate at HH10 and continue through HH17
isible by HH14 as streams on the rostral side of somites posterior to Vagal NCC (D
ondensing ganglia and spinal nerves begin to appear in the trunk too (arrow in (H
anglia.

RG (Fig. 6A, B). Secondly, as mentioned for Fig. 2, the thickness
f the layer of HNK1 positive cells at practically all trunk levels is
uite more robust than HH16 (Fig. 6C–E). Thirdly, although these
mbryos have noticeable limb buds, trunk neural crest cells in
ither HH18 or HH19 are not yet seen invading this mesodermal tis-

ue to form the axial plexuses; this will begin by HH21 (Fredette and
anscht, 1994). Although there are no striking differences between
H18 and HH19 with HNK1 labeling, under careful observation we
an notice a reduction in the number of migrating trunk neural crest
rise to cranial ganglia (Tg), cornea (stream around the eye in (F)). Trunk NCC are
y HH20 there are still migrating NCC along the embryo posterior trunk region, but
otnotes indicate the stage of the chicken embryo. o.v.: otic vesicles, Tg: trigeminal

cells past forelimb region, indicating that neural crest migration is
beginning to wean (Fig. 6F).

Trunk neural crest migration starts slowing down in HH20
embryos
HNK1 labeling in HH20 embryo shows a striking difference with
previous stages: the labeling looks punctuated since it corresponds
to dorsally migrating neural crest cells (Fig. 7A–C). By HH20 the
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Fig. 9. Sox10 and HNK1 comparison. (A–C) Sections along the trunk of a HH17 chicken embryo after wholemount in situ hybridization with Sox10. (D–F) Sections along the
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runk of a HH17 chicken embryo immunostained with HNK1. (A, B, D and E) At m
long ventromedial pathway and arrowhead to cells reaching toward dorsal aorta (A
bove the neural tube (arrows in (C, D)).

igrating trunk neural crest entering limb buds are not visible with
NK1, however we can detect them if we carry on GFP electropora-

ion of neural tube (Fig. 7E) or in situ hybridization with a probe for
chwann cell marker Seraf (Wakamatsu et al., 2004) (Fig. 7G). Sec-
ions through HH20 embryo before hindlimb show that although
NK1 stains considerably the pathways of the trunk neural crest,

t is mostly a remnant of crest derived cells: Schwann cell precur-
ors around DRG and peripheral nerves (Jessen and Mirsky, 1991),
nteric neural crest cells and crest cells along the melanocytic path-
ay (Fig. 7B, C) (Dupin and Le Douarin, 2003). Trunk neural crest

ells along the ventromedial pathway do not express much HNK1
ny longer, making this marker obsolete at these later stages. How-
ver, this does not mean that these cells have stopped being “neural
rest cells” since they still express robust levels of Sox10 transcrip-
ion factor which labels trunk neural crest cells very reliably (Cheng
t al., 2000) and see Figs. 8 and 9.

The last interesting observation with these HNK1 serial whole-
ounts and sections is that the dorsolaterally migrating trunk
eural crest cells which will give rise to melanocytes were never
een migrating under the ectoderm past the first half of the der-
omyotome. In all our sections we could see a group of HNK1

ells entering the dorsolateral pathway, but we never saw more
k level (posterior to fore limb, anterior to hindlimb) with arrows pointing at NCC
r sympathetic ganglia (SG) in (B, E). Section at tail end show neural crest as a “crest”

HNK1 cells migrating further laterally under the ectoderm (see
Figs. 1C, 5B–E and 7B). This strongly suggests that these precur-
sors, after they turn off Robo receptors and enter the dorsolateral
pathway (Jia et al., 2005), also stop expressing the HNK1 epitope
although they still express Sox10 marker (Fig. 7D).

Transcription factor Sox10 labels trunk neural crest
migration

In order to underscore the relevance of HNK1 as a marker
for neural crest cells, we carried out in situ hybridization with
Sox10 across a range of developmental stages in chicken embryos
(Fig. 8). Starting as early as HH10 when the first wave of cranial
neural crest cells delaminate and start migrating, and continu-
ing until more advanced peripheral nervous system development
(HH21), Sox10 labels the same neural crest migration pattern as
done by HNK1 in same stages of development. For a better and
more extensive material on chicken Sox10, see GEISHA’s website:

http://geisha.arizona.edu/geisha/search.jsp?entrez gene=449558.

Although this pattern of expression has been already demon-
strated for chicken (Cheng et al., 2000), mouse (Kuhlbrodt et al.,
1998) and zebrafish (Carney et al., 2006), we re-present it here

http://geisha.arizona.edu/geisha/search.jsp?entrez_gene=449558
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nder the light of our current results of trunk neural crest migra-
ion with HNK1. When chicken sections of Sox10 in situ and HNK1
abeling are shown side-by-side it further underscores the validity
f HNK1 as a neural crest marker (Fig. 9). Here we show that delam-
nated migrating trunk neural crest cells express Sox10 visible as
treams of cells along the ventromedial pathway (Fig. 9A–C) in the
ame manner as when using HNK1. However, when compared with
he extent and detail of labeling provided by HNK1, this one proves
o be a better marker: gives brighter images, better cell morphology
ince it labels the cell membrane and is easier to work with than
n in situ hybridization procedure (Fig. 9D–F).

onclusions

The development and migration of trunk neural crest cells is
n essential embryonic step (Newbern, 2015). Because they are
he main providers of all trunk sensory ganglia and Schwann cells,
heir correct migratory patterns have been heavily studied through
unctional approaches. The most commonly used is the genetic
pproach in mouse and zebrafish (Kam et al., 2014; Pryor et al.,
014; Vermillion et al., 2014). However, chicken is the most and
est studied model organism given it easiness and hardiness to
anipulate. Thus studies in chicken trunk neural crest migra-

ion range from gain/loss-of-function experiments to transplants
o beads and ex ovo cultures (Ahlgren and Bronner-Fraser, 1999;
iovannone et al., 2012; Klymkowsky et al., 2010; McKeown et al.,
005; Moore et al., 2013; Tucker, 2001). Finally, the best live imag-

ng research on trunk neural crest migration has been done in
hicken (Kulesa et al., 2013; McKinney and Kulesa, 2011; Wynn
t al., 2013). Altogether, these researches highlight the importance
f knowing more thoroughly the pattern and characteristics of
hicken trunk neural crest migration.

In conclusion, although there have been many thorough studies
sing HNK1 as a marker for neural crest cells and their migratory
atterns, this is the first comprehensive description of trunk neural
rest migration across a wide range of stages of development that
lso includes Sox10 comparisons. We found that: (A) as previously
escribed trunk neural crest cells delaminate in large numbers
tarting HH15 and continue through HH20, by which stage it corre-
ponds to melanocytes precursors. (B) That melanocyte precursors
egin to enter the dorsolateral pathway by HH17. (C) That by HH20
NK1 is not a valid marker for neural crest cells on the ventrome-
ial or dorsolateral pathway. (D) That HNK1 is a better marker than
ox10 when looking at neural crest cells morphology and migration
etails.
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