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Abstract

Despite the importance of the chicken as a model system, our understanding of the development of chicken

primordial germ cells (PGCs) is far from complete. Here we characterized the morphology of PGCs at different

developmental stages, their migration pattern in the dorsal mesentery of the chicken embryo, and the

distribution of the EMA1 epitope on PGCs. The spatial distribution of PGCs during their migration was

characterized by immunofluorescence on whole-mounted chicken embryos and on paraffin sections, using

EMA1 and chicken vasa homolog antibodies. While in the germinal crescent PGCs were rounded and only 25%

of them were labeled by EMA1, often seen as a concentrated cluster on the cell surface, following

extravasation and migration in the dorsal mesentery PGCs acquired an elongated morphology, and 90%

exhibited EMA1 epitope, which was concentrated at the tip of the pseudopodia, at the contact sites between

neighboring PGCs. Examination of PGC migration in the dorsal mesentery of Hamburger and Hamilton stage

20–22 embryos demonstrated a left–right asymmetry, as migration of cells toward the genital ridges was

usually restricted to the right, rather than the left, side of the mesentery. Moreover, an examination of another

group of cells that migrate through the dorsal mesentery, the enteric neural crest cells, revealed a similar

preference for the right side of the mesentery, suggesting that the migratory pathway of PGCs is dictated by

the mesentery itself. Our findings provide new insights into the migration pathway of PGCs in the dorsal

mesentery, and suggest a link between EMA1, PGC migration and cell–cell interactions. These findings may

contribute to a better understanding of the mechanism underlying migration of PGCs in avians.

Key words: chicken embryo; dorsal mesentery; EMA1; left–right asymmetry; neural crest cells; primordial germ

cells.

Introduction

Chicken primordial germ cells (PGCs) and their migration

route have become topics of great interest, not only

because of their role as precursors of the germ cells, but

also because they have become a compelling target for

gene transfer toward the production of transgenic chicken

lines (van de Lavoir et al. 2006; Macdonald et al. 2012).

However, this process has only been partially characterized.

Similar to PGCs of other animals, chicken PGCs reach the

gonads from an extragonadal site. Their journey begins in

the epiblast (Eyal-Giladi et al. 1981), from which they

ingress ventrally and migrate anteriorly during gastrulation

toward the germinal crescent, where they accumulate until

Hamburger and Hamilton (HH) stage 10 (Hamburger &

Hamilton, 1951). There, unlike mammalian and amphibian

PGCs, they utilize newly formed blood vessels through

which they circulate and reach the embryonic body (Ando

& Fujimoto, 1983). This process is manifested by a decreased

number of PGCs in the germinal crescent beginning at HH

stage 10, while in parallel the number of circulating PGCs

rises (Nakamura et al. 2007).

As in mice, chicken PGCs were previously shown to

migrate through the dorsal mesentery toward the genital

ridge, yet they do not cross the gut epithelium, but rather

reach the dorsal mesentery from the circulation at a site

adjacent to the developing gonads (Ando & Fujimoto,

1983; Ukeshima et al. 1991). From this domain they were
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suggested to actively migrate until they reach the genital

ridge (Fujimoto et al. 1976), where they settle and differen-

tiate into spermatogonia or oogonia (Kuwana & Rogulska,

1999). However, compared with other model animals, such

as mice and zebrafish, fundamental issues regarding devel-

opment of the chicken PGCs have not yet been resolved.

These include their precise routes and modes of migration,

intravasation and extravasation, and the factors guiding

their migration.

Avian PGCs can be detected using specific markers, such

as chicken vasa homolog (CVH; Tsunekawa et al. 2000) and

Dead End genes (Aramaki et al. 2007). Alternatively, PGCs

can be detected using markers that are not restricted only

to PGCs, such as Nanog, PouV (Lavial et al. 2007), SSEA1

(Karagenc et al. 1996) and EMA1 (Hahnel & Eddy, 1986;

Urven et al. 1988), or using the periodic acid-Schiff (PAS)

staining (Meyer, 1960). EMA1 has been reported in the past

to label mostly epiblast cells of chicken embryos, and to rec-

ognize only up to one-third of the PAS-positive cells at HH

stage 20 (Urven et al. 1988). As specific PGC markers were

not available at that time, as well as the utilization of dou-

ble-labeling immunofluorescence methods, it remained

unclear to what extent EMA1 marker is indeed presented

by PGCs at different stages of development, how EMA1 epi-

tope is distributed on PGC membranes, and what role may

EMA1 play during PGC migration. Moreover, the precise

morphology and migration pattern of the chicken PGCs at

different stages and sites were not fully resolved.

Here we provide new data regarding migration pattern

of PGCs in the chicken embryo, demonstrating the dynamic

distribution of EMA1 on the cell surface of PGCs, their dra-

matic morphological changes at different sites and their

asymmetric migration pattern in the dorsal mesentery.

Together, these findings provide better understanding of

the migration process of PGCs in avian.

Materials and methods

Embryos

Fertilized White Leghorn eggs were purchased from a local hatch-

ery (Weisman, Sitryia, Israel). Eggs were incubated at 37.8 ºC in a

humidified incubator for the indicated periods. Embryos were col-

lected and fixed in 4% paraformaldehyde (PFA) in phosphate-

buffered saline (PBS) at 4 ºC overnight, and staged according to HH

(Hamburger & Hamilton, 1951).

Immunofluorescence

Immunofluorescence of paraffin sections was performed as

described previously (Hen et al. 2012). For whole-mount detection

of PGCs in the dorsal mesentery and genital ridge, midline tissues,

including mesonephros, dorsal mesentery and gut, were isolated

and stained in one piece. Prior to detection, tissues were treated

with modified Dent solution [methanol : dimethylsulfoxide

(DMSO) : H2O2 at a ratio of 2 : 1 : 3, v/v] at room temperature

overnight, washed in methanol and gradually rehydrated in PBS.

Rabbit anti-CVH antibody (diluted 1 : 2400) was kindly provided by

Prof. T. Noce (Tsunekawa et al. 2000). Mouse anti-EMA1 and

fibronectin antibodies were obtained as supernatants from

Developmental Studies Hybridoma Bank (Iowa City, IA, USA).

Mouse anti-HNK-1 (1 : 500) was purchased from BD Biosciences.

Rabbit anti-phospho Histone-H3 (1 : 200) was obtained from Santa

Cruz (Almog Diagnostic, Israel). Secondary antibodies included

Alexa Fluor 488 and Alexa Fluor 594 goat anti-rabbit or goat anti-

mouse (1 : 500 each; Invitrogen, Rhenium, Israel). Whole-mount

rhodamine-phalloidin staining (50 lg mL�1) was performed by 1-h

incubation at room temperature, followed by three washes

with PBS-T (0.05% Tween-20). Nuclei were counterstained with

4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Israel), and

samples were mounted on slides and covered using Fluoro-Gel

(EMS, Bar-Naor, Israel).

Embryo sex determination

Thirty embryos were collected and staged according to HH

(Hamburger & Hamilton, 1951). The head was dissected and used

for individual extraction of genomic DNA. The dorsal mesentery

was isolated with the mesonephros and the gut, and fixed in 4%

PFA. Following fixation, tissues were subjected individually to

immunofluorescence as described before, in order to examine asym-

metry in migration through the dorsal mesentery. Sex determina-

tion of embryos was done by polymerase chain reaction (PCR) using

100 ng of genomic DNA, according to Fridolfsson & Ellegren (1999),

with the 2550F/2718R primers, using the Green Master Mix

(Promega). Products were resolved on a 1.7% agarose gel, and sex

was determined by product size: 600 bp for male, or 600 bp and

450 bp for female.

Microscopy

Images of whole-mounted specimens were taken using the

Olympus SZX16 epifluorescent stereomicroscope, equipped with an

Olympus DP72 camera. Confocal images were obtained using an

Olympus IX81 inverted laser-scanning microscope with Fluoview-

500 software. Digital images of paraffin sections were taken using a

Nikon Eclipse e400 upright microscope, equipped with an Olympus

DP72 camera and Olympus DP Controller software.

Statistical analysis

Data are presented as the mean� standard error recorded from

four different samples at each developmental stage. Data for the

ratio of EMA1+ PGCs were analyzed by one-way ANOVA. Data for

left–right asymmetry in PGC migration in the dorsal mesentery were

analyzed using the Student’s t-test. Differences were regarded as

significant at P < 0.05. Data were analyzed using JMP (SAS Institute).

Results

Dynamic distribution of EMA1 on cell surface of

PGCs

The chicken PGCs have a unique route of migration, includ-

ing embryonic and extraembryonic migration, as well as a
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circulatory phase. At present, CVH serves as a powerful spe-

cific marker to detect migrating PGCs (Tsunekawa et al.

2000), while several past studies used EMA1 to detect PGCs

(Hahnel & Eddy, 1986; Urven et al. 1988). Because EMA1

was also detected in cells other than PGCs, and was

reported to be present only in a subset of PGCs (Urven et al.

1988), we aimed here to unravel the migration dynamics of

PGCs in relation to EMA1 labeling by studying the co-labeling

of CVH and EMA1 in PGCs, and the precise distribution of

EMA1 on their surface. Therefore, we characterized the

distribution of EMA1 epitope on the PGC cell surface by

whole-mount immunostaining of chicken embryos, fol-

lowed by confocal imaging. Examination of the germinal

crescent of HH stages 8 and 14 (Fig. 1A and E, respectively)

revealed variation in EMA1 labeling, manifested by PGCs

that exhibit EMA1+ next to EMA1� PGCs (Fig. 1C,D,G,H),

whereas all PGCs were similarly stained with CVH (Fig. 1B,F).

The percentages of PGCs co-labeled with CVH and EMA1

in the germinal crescent at these stages were 24.2� 2.3%

and 32.8 � 5.2%, respectively (n = 4 embryos for each

stage, with over 40 cells analyzed for each embryo). More-

over, although cells were round at these stages, EMA1

staining exhibited a cluster of intensified staining (Fig. 1C,

G, arrowheads, and Supporting Information Movie S1). At

that time, and in addition to PGCs, ectodermal cells were

also found to present the EMA1 epitope, which was

located at cell boundaries (Fig. 1I,J), in contrast to its

restricted accumulation in PGCs.

Subsequent assessment of CVH and EMA1 labeling of

PGCs at HH stages 20–22, during their migration through

the dorsal mesentery toward the genital ridge, revealed

that they had lost their round morphology and acquired a

more elongated shape. At these stages, cells were polarized

and exhibited distinct pseudopodia (Fig. 2D), as also evident

A B C D

E F

I J

G H

Fig. 1 EMA1 and chicken vasa homolog (CVH) labeling in PGCs during migration toward the germinal crescent. (A, E) Bright-field images of

embryos used for analysis. (B–D, F–H) Confocal analysis of PGCs observed in fluorescent whole-mount preparations of the boxed areas marked in

(A) and (E), respectively, using EMA1 (red) and CVH (green) antibodies. Nuclei were counterstained with DAPI (blue). CVH is evenly distributed in

all PGCs (B, F) while EMA1 is not present on all cells, but rather aggregates unequally in PGCs (C, G, arrowheads). (D, H) Merged images of (B, C)

and (F, G), respectively. (I) Whole-mount image of Hamburger and Hamilton (HH) stage 8 embryo, demonstrating ectodermal staining of EMA1.

(J) High magnification of cells in (I), demonstrating EMA1 staining along boundaries between adjacent cells. Scale bar: 10 lm (B–D, F–H); 200 lm

(I); 50 lm (J).
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by condensed actin labeling at the cell tip using phalloidin

(Fig. 2A, arrowheads). Noticeably, while CVH was uniformly

expressed at PGCs cytoplasm, EMA1 staining was unequally

distributed on the cell surface, concentrating at the tip of

the cells, at sites of cell–cell interaction (Fig. 2B,D). In fact,

the tip of the pseudopodia remained the site of a more

intensified staining among all PGCs with elongated mor-

phology (Fig. 2D, arrowheads), and although some PGCs

were labeled with EMA1 more intensely than others, EMA1

labeling was constantly strongest at sites where contact

with neighboring PGCs was established (Fig. 2E, arrow-

heads). In addition, some PGCs exhibited an ability to simul-

taneously interact with more than a single PGC (Fig. 2E). At

that stage, and in contrast to migrating PGCs, epithelial cells

in the embryo, which exhibited a cubical morphology, were

characterized by uniform actin staining (Fig. 2F), along with

even distribution of EMA1 on the cell membrane (Fig. 2G,

H). The polarized distribution of EMA1 in PGCs could also

be detected after PGCs had reached the gonads (Fig. 2I,J).

Here again, the unequal distribution of EMA1 epitope local-

ized to the pseudopodia (Fig. 2J, arrowheads) was promi-

nent on the background of CVH, which stained all PGCs

equally. In contrast to earlier stages, the percentage of

EMA1-labeled PGCs in the dorsal mesentery was signifi-

cantly higher, as the majority of PGCs were co-labeled with

EMA1 and CVH (89 � 5.7%, n = 4 embryos, P < 0.0001).

Altogether, these data demonstrate the dynamic

rounded-to-elongated morphology of PGCs during their

migration from the germinal crescent to the gonads,

accompanied by polarization of EMA1 epitope, concentrat-

ing at the sites of cell–cell interaction during PGCs migra-

tion in the dorsal mesentery.

Left–right asymmetry in migration of PGCs in the

dorsal mesentery

Distribution of PGCs in the gonads of chicken embryos was

described before, including important findings regarding

the mechanism regulating left–right asymmetry between

the gonads (Ishimaru et al. 2008; Rodriguez-Leon et al.

2008). Moreover, left–right asymmetry in the numbers of

PGCs was previously found in the intermediate mesoderm

at earlier stages (Nakamura et al. 2007). However, the

migratory behavior of chicken PGCs in the dorsal mesentery,

the tissue through which the PGCs migrate toward the geni-

tal ridge after extravasation, has not been characterized yet.

To address this issue, chicken embryos at HH stages 20–22

were subjected to whole-mount immunofluorescence using

CVH and EMA1 antibodies. This analysis revealed a clear

left–right asymmetry in migration of PGCs along the dorsal

mesentery, in a dorsolateral direction toward the genital

ridges, manifested by restricted localization of PGCs to the

right side of the mesentery. Following removal of the gut,

the ventral view of the mesentery (Fig. 3A; between two

dashed lines) showed relatively medial localization of PGCs

migrating to the right genital ridge, compared with PGCs

migrating left, which seemed lateral to the mesentery, with

some detected as clusters (Fig. 3A, arrowheads) or chains of

cells (Fig. 3A, arrow, B). The left–right asymmetry observa-

tion was clearly detected in 15 out of 30 embryos at HH

stages 20–22 examined, with an average of 30� 5 vs. 6� 1.3

cells on the right and left sides of the mesentery, respec-

tively (P < 0.01, n = 4 embryos), while in other embryos the

number of PGCs was similar between left and right sides

of the mesentery. These results were in agreement with

A B C D E

F G H I J

Fig. 2 EMA1 epitope on PGCs is concentrated at sites of cell–cell contact. Whole-mount immunofluorescence of HH stage 20 embryos, demon-

strating phalloidin staining of actin fibers (A) and EMA1 staining (B), co-localized to the elongated edges of a PGC, the contact sites with neighbor-

ing cells (C) or with other PGCs (D, E, arrowheads). Polarized EMA1 staining is also demonstrated for PGCs in the gonads of E7 embryos (I, J).

(J) is an enlargement of the boxed area in (I). Epithelial cells examined at similar stages show non-polarized actin staining (F) and uniform EMA1

labeling at the cell surface (G, H). CVH, chicken vasa homolog; g, gonad; m, mesonephros. Scale bar: 10 lm (A–E); 5 lm (F–H); 1 mm (I); 50 lm (J).
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coronal sections of embryos at these stages, demonstrating

the presence of PGCs on the right side, but not on the left

side of the mesentery (Fig. 3C,D), which is typically charac-

terized by more condensed cells compared with the right

half of the dorsal mesentery (Fig. 3D, arrow; Davis et al.

2008). Noticeably, distribution of other general markers,

such as pHistone-H3 (Fig. 3E) was symmetrical in the

embryo. Lateral views of the dorsal mesentery of HH stage

22 embryos (Fig. 3F,G) showed that while PGCs on the right

side of the mesentery were easily detected (Fig. 3F’), PGCs

on the left side were detected only in the genital ridge

(Fig. 3G’, arrowheads), further supporting the notion of a

left–right asymmetry in PGC migration in the dorsal mesen-

tery, manifested by restriction of PGCs to the right side of the

mesentery. Notably, not a single opposite casewas found.

Since the right ovary of the female chicken embryo

undergoes regression during development, and because

asymmetry in colonization of PGCs in the gonads was

shown to correlate with the sex of the embryo (Clawson &

Domm, 1963; Ono et al. 1996), we examined whether the

left–right asymmetry in PGC migration in the dorsal mesen-

tery correlates with the sex of the embryo. For that purpose,

genomic DNA was isolated individually from the head of

each embryo prior to fixation and immunofluorescence.

This DNA was used for sex determination by PCR, using

primers for the chromo-helicase DNA-binding gene

(Fig. 3H). This analysis revealed that at the examined stages,

asymmetry in migration through the dorsal mesentery was

detected in both male and female embryos (Fig. 3I), there-

fore it cannot be attributed to the sex of the embryo. Alto-

gether, the results demonstrated a first documentation for

a left–right asymmetry in the migration of PGCs in the dor-

sal mesentery toward the genital ridge, shared by both

male and female embryos.

A

F

H I

F′ G G′

B C D E

Fig. 3 Left–right asymmetry in migration of PGCs through the dorsal mesentery. Immunofluorescence on whole-mount (A–B, F’, G’) and paraffin

sections (C–E) of HH stages 20–22 embryos, using chicken vasa homolog (CVH) and EMA1 antibodies. (A) In HH stage 20 embryos, PGCs are pres-

ent on the right but not left side of the mesentery. The PGCs on the left side are observed migrating toward the genital ridge. Cells were detected

as clusters (arrowheads) or chains (arrow). (B) Field magnification of PGC-chain indicated by an arrow in (A). Examples for polarized EMA1 staining

are indicated by arrowheads. (C, D) Coronal section of HH stage 20 embryo demonstrating PGCs on the right side of the mesentery. Area of con-

densed mesodermal cells on the left side of the mesentery is indicated by an arrow. (E) Co-labeling of EMA1 and pHistone-H3 demonstrating the

asymmetrical distribution of PGCs vs. equal distribution of pHistone-H3 (arrowheads). (F–G’) Right (F–F’) and left (G–G’) views of the mesentery of

a HH stage 22 embryo immunostained for CVH (F’,G’). PGCs can be seen on the right side of the mesentery (F’). A left view of the same area

reveals only a faded signal of PGCs from the right side (G’), while most PGCs have reached the genital ridge (G’, arrowheads). (H) Sex determina-

tion using PCR. Negative control (no DNA) and positive controls (female and male) are shown. (I) PCR results of 20 representative DNA samples,

isolated from chicken embryos. The sex of each embryo and the presence of asymmetry in migration are indicated. dm, dorsal mesentery;

g, gonad; L, left; m, mesonephros; R, right. Scale bar: 50 lm (A, B); 80 lm (C, D); 1 mm (E, E’, F, F’).
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Because this observation does not correlate with the sex

of the embryo, it may be attributed to intrinsic asymmetric

properties of the dorsal mesentery tissue. In such a scenario,

asymmetry in the dorsal mesentery tissue may influence the

migration route of additional cells passing through the dor-

sal mesentery. To test this hypothesis we examined migra-

tion of the enteric neural crest cells (NCCs), known to cross

the dorsal mesentery before colonizing the gut. Staining of

paraffin sections using HNK-1 antibody, a marker for migra-

tory NCCs, revealed asymmetric migration of NCCs,

restricted to the right side of the dorsal mesentery (Fig. 4A,

B). Double-labeling using HNK-1 and EMA1 antibodies dem-

onstrated the asymmetric migration route shared by both

PGCs and NCCs (Fig. 4C). Interestingly, staining of the ECM

marker fibronectin, which is known to label the migration

route of NCCs (Perris & Perissinotto, 2000), was also

restricted to the right side of the mesentery, yet did not

overlap with HNK-1 signal (Fig. 4D), therefore supporting

our suggestion for asymmetry in NCC migration. This was in

contrast to the uniform expression of HNK-1 and fibronec-

tin at sites other than the dorsal mesentery such as the

aorta and gut (Fig. 4E, asterisk, and data not shown).

Co-staining of embryos with HNK-1 and pHistone-H3 dem-

onstrates the localized vs. symmetrical expression of each

marker, respectively, further excluding the possibility of

apparent asymmetry in the dorsal mesentery due to techni-

cal reasons. Altogether, the results suggest that asymmetric

properties of the dorsal mesentery may dictate asymmetri-

cal position of migrating PGCs and NCCs through the

mesentery.

Discussion

This study was aimed at gaining new insights into the

migratory behavior of PGCs in avian embryos. We utilized

the PGC markers EMA1 and CVH to examine the migration,

cell–cell interactions and distribution of EMA1 on the

surface of PGCs, and found that EMA1 staining on the cell

surface varies among PGCs during embryonic development.

At early stages, when PGCs display a round morphology,

EMA1 epitope is present on some, but not all, PGCs, where

it usually concentrates as a cluster on the cell surface. Yet,

in contrast to a previous report (Urven et al. 1988), we

showed that at subsequent stages of development, in the

dorsal mesentery and later in the gonads, PGCs become

elongated and EMA1 labels almost the entire PGC popula-

tion. At these sites, EMA1 epitope is concentrated at the tip

of the PGC pseudopodia. These morphological changes are

accompanied by actin polarization, as evident using phalloi-

din staining. Noticeably, the leading edge of many other

types of migrating cells is involved in sensing chemoattrac-

tants in their environment (Swaney et al. 2010) and, more-

over, PGCs are considered to actively migrate toward a

chemoattractant gradient from the genital ridge (Stebler

et al. 2004). Hence, it is possible that the increased percent-

age of EMA1-labeled PGCs in the dorsal mesentery,

together with EMA1 accumulation at the cell’s tip, allow it

to play a role in the interaction of migrating PGCs with the

environment during their active migration. The observation

of enhanced EMA1 staining at sites of physical contact

between neighboring PGCs further supports a putative

function of this glycoprotein in the interaction between

actively migrating PGCs in the chicken embryo, which

awaits to be confirmed.

Previously, left–right asymmetry in the numbers of PGCs

in the intermediate mesoderm was described at earlier

developmental stages (Nakamura et al. 2007). Our data

showed for the first time a difference in the spatial distribu-

tion of PGCs in the dorsal mesentery, and in more advanced

embryos. Notably, a previous study found no sign of asym-

metry in PGC migration through the dorsal mesentery

(Davis et al. 2008). However, this was addressed by trans-

verse sections of the dorsal mesentery, rather than by

whole-mount immunostaining or coronal sections, and we

believe that the former sectioning strategy prevented this

observation. The fact that half of the examined embryos

A B C D E

Fig. 4 Asymmetry of HNK-1-labeling in paraffin sections of the dorsal mesentery. (A) A section of HH stage 20 embryo, immunostained using

HNK-1 antibody. Nuclei were stained with DAPI (blue). Arrowheads indicate streams of neural crest cells migrating ventrally toward the mesentery

and the gut. (B) A magnified view of the dorsal mesentery seen in (A) shows asymmetrical HNK-1 staining. Note the difference in nuclei density

between left and right sides of the mesentery. (C) Co-labeling of HNK-1 and EMA1 (arrowheads) in the right side of the dorsal mesentery.

(D) HNK-1 and fibronectin staining share the right side of the dorsal mesentery, yet do not overlap. (E) Embryo section stained with pHistone-H3

(arrowheads) and HNK-1. Note the expression of HNK-1, restricted to the right side of the mesentery compared with its uniform expression in the

aorta (asterisk). pHistone-H3 is distributed at different embryonic sites. ao, aorta; dm, dorsal mesentery; g, gut; gr, genital ridge; L, left; R, right.

Scale bar: 80 lm (A); 40 lm (D); 20 lm (B, C, E).
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exhibited this migration asymmetry could be attributed to

variation in development of the mesentery among embryos

or, alternatively, may suggest a sex-linked phenotype, as

left–right asymmetry is a hallmark of the avian female

reproduction system, characterized by regression of the

right ovary. In an attempt to examine a link between

the asymmetry and the sex of the embryo, we determined

the sex of 30 embryos prior to staining of PGCs in the dorsal

mesentery, yet we could not find such a correlation. Hence,

another possible mechanism responsible for this observa-

tion could be the asymmetry in cellular and genetic profiles

described in the dorsal mesentery (Davis et al. 2008), mani-

fested by the asymmetry in cell density in the mesentery, as

shown here and by Davis et al. (2008). Paraffin sections

stained using HNK-1 revealed that in addition to PGCs, the

NCCs also cross the dorsal mesentery in an asymmetric fash-

ion, suggesting that the cellular and/or extracellular proper-

ties of the dorsal mesentery dictate the route of migration

of other cell types, additionally to PGCs. In this regard, a

previous report suggested that human PGCs preferentially

migrate along nerve fibers in the dorsal mesentery

(Mollgard et al. 2010), thereby supporting our suggestion

for shared and overlapping asymmetric migration of PGCs

and NCCs in the dorsal mesentery of the chicken embryo,

and raising an interesting question regarding a possible role

of PGCs in development of the peripheral nervous system

and vice versa. Altogether, these findings provide new

insight into the migratory pathway of PGCs in the chicken,

and suggest an interaction between development of the

dorsal mesentery and the spatio-temporal distribution of

PGCs. Future studies will be required in order to decipher

the mechanism that induces migration asymmetry in the

dorsal mesentery, and the interplay between the mesentery

and migrating PGCs. These studies should also examine the

link between this observation and development of the

reproduction system of the chicken embryo.
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Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Movie S1. Three-dimensional confocal illustration of EMA1

labeling in PGCs. HH stage 14 chicken embryo was subjected to

whole-mount immunofluorescence using EMA1 and CVH anti-

bodies. CVH is evenly distributed in all PGCs while EMA1 is not

present on all cells, and aggregates unequally on some of the

PGCs.
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