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ABSTRACT  Avian primordial germ cells (PGCs) are destined to migrate a long distance from their 
extra embryonic region via the vascular system to the gonadal ridges where they form the germ 
cells. Although PGC migration is crucial for a genetic continuation to the next generation, the fac-
tors and mechanisms that control their migration remain largely unknown. In the present study 
the chemotactic effect of stem cell factor (SCF) was examined on chicken blood circulating PGCs 
(cPGC), employing 3D chemotaxis slides and time-lapsed imaging analyses as an in vitro study 
model. Upon in vitro exposure to an SCF gradient, 77.1% (54 out of 70) of cPGCs showed a clear 
response, of which 48.1% (26 out of 54) polarized with the consecutive formation of a persistent 
membrane protrusion and significant directional migration towards the gradient and the others 
showed transient membrane protrusions. In contrast, the controls and apparently SCF unresponsive 
cPGCs and c-kit-negative red blood cells (RBCs) showed only cytoplasmic cycling with random 
formations of membrane blebbing and no directional migration. Significant (p< 0.05) differences 
between the SCF-treated and control cPGCs and RBCs were found in the migration parameters of 
eccentricity, accumulated and Euclidean distances, and migration velocity. The SCF-treated PGCs 
also revealed a chemotactic response, as judged by their significant displacement of center of mass 
and Rayleigh test. Complete inhibition of all the SCF-induced responses in PGCs was found follow-
ing pretreatment of the cPGCs with 10 mM of the c-kit inhibitor, STI57l, prior to SCF exposure. In 
addition, cPGCs were found to be positive for c-kit expression using a polyclonal goat anti-mouse 
c-kit primary antibody, suggesting that the cPGCs were capable of SCF sensing and the potential 
involvement of SCF/c-kit in the chemotactic migration. Therefore, SCF is suggested to function as 
a chemoattractant in the migration of chicken cPGC. 
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Introduction

Primordial germ cells (PGCs) are pluripotent stem cells that give 
rise to functional gametes through sequential differentiation inside 
the gonads (Matsui et al., 1992). Unlike mammals, avian PGCs 
migrate a long distance from their extra embryonic region to the 
presumptive gonads via the vascular system. Based on positive 
periodic acid Schiff (PAS) staining and the positive expression of 
stage-specific embryonic antigen-1 (SSEA-1) characteristics, avian 
PGCs have been identified as being of an extra-embryonic origin 
(Eyal-Giladi et al., 1981). Chicken PGCs scattered in the central 
area of blastoderm at stage X, PGCs transmigrate into the blood-
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stream at the anterior vitelline vein and leave the bloodstream for 
the gonadal anlagen as early at stages 10 and 15 (Nakamura et al., 
2007), respectively. The gonadal migration of the circulating PGCs 
(cPGCs) appears to be carried out by active migration with specific 
guidance and not by random passive migration (Kuwana et al., 
1986). The controlling factors as well as the induction mechanisms 
are, however, largely unknown. Chemokines attracting PGC migra-
tion towards the gonadal anlagen remain to be explored in avian.

Mammalian PGCs originate posteriorly in the extra-embryonic 
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region neighboring the future gonads and migration to the genital 
ridges is achieved by migrating along the hindgut and the dorsal 
mesentery (Anderson et al., 2000). Guiding factors in mammal 
PGC migration, including stromal cell derived factor-1 (SDF-1), 
stem cell factor (SCF), e-cadherin, laminin and fibronectin, have 
been reported to function as either chemokinetic, chemotactic or 
adhesion molecules (reviewed in (Soto-Suazo and Zorn, 2005)). 
However, the migratory route of avian PGCs differs from that of 
mammalian ones. With different means of migration, the controlling 
factors and mechanisms currently known in mammals can not be 
generally assumed to apply in the avian case and so they need 
to be specifically examined. Major chemoattractants contributing 
to PGC migration in mouse and human include SDF-1 (Ara et al., 
2003) and SCF (Gu et al., 2009; Mamsen et al., 2012), but only 
SDF-1 has been suggested to direct the late-phase migration of 
avian PGCs (Stebler et al., 2004). This leaves the question as to 
whether other factors are involved in the migration of avian cPGCs. 

Chemotactic molecules cause activated migratory cells to 
polarize and gain motility and directional sensing towards the 
specific destination (reviewed in (Iglesias and Devreotes, 2008)). 
Chemoattractants are believed to be a crucial factor guiding PGC 
migration towards the genital ridges. Displacement and failure 
of PGCs to reach the target organ may cause infertility due to 
defective germ cell production. In the Aves case, SDF-1 is the 
only chemokine currently suggested to play a chemotactic role in 
the late circulation of chicken cPGCs towards developing gonads 
(Stebler et al., 2004). 

SCF has been reported to be a pleiotropic factor involved in 
cell survival, proliferation, development and migration (reviewed 
in (Lennartsson and Ronnstrand, 2012)). The chemotactic func-
tion of SCF on PGC migration, established in mice and humans 
(Farini et al., 2007; Gu et al., 2009; Mamsen et al., 2012), has 
not yet been revealed in Aves. Noticeably, during chicken early 
embryonic development, SCF is strongly expressed in the lateral 
and intermediate mesoderm regions (Reedy et al., 2003), part of 
which later contributes to the development of the gonadal anlagen. 
It is feasible that SCF could be a chemotactic molecule released 
by the gonadal anlagen to attract chicken cPGC migration during 
embryogenesis. Therefore, we aimed to explore the chemotactic 
action of SCF on chicken cPGC migration in vitro. 

Results

PGC isolation, enrichment and characterization 
Approximately 100–250 enriched cPGCs per embryo were 

obtained. The cPGC morphology remained well defined and 
clearly distinguishable from blood cells following nycodenz density 
gradient purification. The enriched cells were PAS positive with a 
pink-staining cytoplasm (Fig.1), whilst the SSEA-1 immunofluores-
cent staining was strongly positive (Fig. 2 A–D), confirming that 
the enriched cells were cPGCs without any detectable blood cell 
contamination. The polyclonal anti-mouse c-kit revealed a positive 
expression of the c-kit antigen on the cellular membrane of all 

Fig. 1. Periodic Acid Schiff (PAS) staining of paraformaldehyde-fixed 
blood cPGCs collected from chicken embryos at stages 14–15 of de-
velopment. Numerous PAS-positive cytoplasmic granules were evident 
in most cells.

Fig. 2. Microscopic images (400x 
magnification) of paraformal-
dehyde-fixed blood cPGCs col-
lected from chicken embryos at 
stages14–15 of development.  
(A,E) Phase-contrast images 
showing large spherical shaped 
cells with cytoplasmic granules 
and eccentric nuclei. (B) Indirect 
immunofluorescent staining using 
monoclonal mouse anti-SSEA-1 
IgM and FITC-conjugated goat 
anti-mouse IgM primary and sec-
ondary antibodies, respectively. 
(C,G) Nuclear counterstaining 
with Hoechst 33342. (D) Merged 
images of PGCs with positive 
SSEA-1 (green color) and nuclear 
staining (dark blue color). (F) Indi-
rect immunofluorescent staining 
using polyclonal goat anti-mouse 
c-kit and Alexa Fluor® 568 conjugated affinity-purified donkey anti-goat IgG (H+L) primary and secondary antibodies,respectively. (H) Merged images 
of PGCs with c-kit positive (red color) and nuclear staining (dark blue color). Image format was pixels. Scale bars represent 20 mm.
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tested cPGCs (Fig. 2 E–H), whilst the negative control showed 
only a positive nuclear counter-staining and no nonspecific back-
ground fluorescence (Image not shown). 

PGC behavioral characters 
In response to 5 mg/ml SCF treatment, cPGCs showed three 

different morphological and migration behavior changes in terms 
of the formation of (a) cytoplasmic cycling and random plasma 
membrane blebbing with no migration, (b) a temporary membrane 
protrusions with random migration and (c) a persistent membrane 
protrusion with directional migration (Fig.3 B–G). The leading 
and lagging edges of the protrusion were clearly noticed on the 
migrating cPGCs, suggesting the establishment of membrane 
polarization (Fig.3 B–G). 

All of the cPGCs and the RBCs in the control groups expressed 
only the cytoplasmic cycling behavior without any migration while 
~77.1% (54 out of 70) of the PGC population in the SCF-treated 
group presented membrane protrusions with active migration. 
Out of these migrating cPGCs, 48.1% (26 out of 54) showed 
persistent membrane protrusions, while the protrusions of the 
other 51% were only transient. 

Following exposure to SCF (Fig. 3B), a spike/finger-like mem-
brane protrusion was observed within 30 min, beginning from 
a small projection and then obviously increasing in size at 1 h 
onwards. The persistent membrane protrusion showed a clear 
biased direction towards the highest SCF concentration from 1.5 

Fig. 3. Morphological changes in PGCs in 
response to an SCF gradient, as observed 
on Ibidi3D chemotaxis slides.  PGC mor-
phology over observation periods of (A) 0 h, 
(B) 0.5 h, (C) 1 h, (D) 1.5 h, (E) 2 h, (F) 3 h 
and (G) 6 h. (Control) The cPGCs exposed 
to KAv-1 medium without SCF showed cy-
toplasmic cycling and membrane blebbing 
(arrow head). (SCF) The SCF gradient was 
from the left side (highest concentration) to 
the right side (lowest concentration) of the 
observation area. Membrane polarization 
on the cPGCs was clearly revealed with a 

h onwards and by 3 and 6 h of exposure to the SCF gradient the 
membrane protrusion was noticeably broad in shape and larger 
in size. In addition, in some cases single or multiple spike-like 
protrusions were transiently formed in different directions without 
ever developing into a broad protrusion and reformed in random 
directions. Pretreatment of the cPGCs with 10 mM STI571, a 
selective Bcr-Abl tyrosine kinase and c-kit inhibitor, prior to the 
SCF treatment abrogated the SCF response with the cPGCs 
showing only the cytoplasmic cycling behavior, the same as in 
the control group (Fig. 3 A–G). 

The average ratio of eccentricity (EC) values at 0, 0.5, 1.0, 1.5, 
2.0, 3.0 and 6.0 h are presented in Fig. 4, where the mean EC 
values of the control groups, both the SCF-unexposed cPGCs 
and the SCF-exposed RBCs remained close to unity throughout 
the test period, suggesting that the cPGC’s and RBC’s spherical 
morphology remained unchanged. The EC values of the SCF-
treated cPGC group were significantly greater than those of the 
control groups (p<0.05) and greater than 1 at all observation 
times, indicating the membrane protrusion and polarization in 
response to SCF treatment. Pretreatment of the cPGCs with 
STI571 abrogated the SCF-induced morphological alteration of 
the PGCs that instead retained the appearance of control cells 
with EC values close to unity.

In vitro motility and chemotactic migration of cPGCs in 
response to SCF 

The migration indexes are reported in Table 1, where the 
cPGCs and the c-kit-negative RBCs of the control groups had a 
short deviation from their origin with negligible accumulated and 
Euclidean distances after a 16-h examination period. The velocity 
was, therefore, close to zero. However, significant accumulated 
and Euclidean distances were recorded with a measurable cell 
velocity in the SCF-treated cPGC group. The STI571 pretreat-
ment resulted in a strong inhibition of the SCF-induced migration 
activities, with only tiny accumulated and Euclidean distances 
and almost zero velocity being recorded, and these were not 
statistically different from the control group. 

The active PGC migration behavior was further examined 

Treatment group 
Total number  

of PGCs 
Accumulated 
distance (µm) 

Euclidean  
distance (µm) 

Velocity 
(nm/min) 

Control cPGCs  51 2.19 ± 0.49b 1.83 ± 0.42 b 3 ± 1 b 

SCF-treated RBCs  118 3.98 ± 0.38 b 3.05 ± 0.30 b 2 ± 1 b 

SCF-treated cPGCs  70 209.22 ± 26.88a 44.35 ± 7.35 a 251 ± 31 a 

STI571-pretreated cPGCs  64 2.69 ± 1.57 b 1.12 ± 0.27 b 1 ± 1 b 

TABLE 1

MIGRATION INDEX

Data are shown as the mean ± SEM, derived from three replications.

a,b Means with different superscript letters within a column are significantly different (p <0.05).

GB C D E FA

defined leading edge directed towards the gradient. Lamellipodia-like (arrow head) and filopodia-like (*) structures were expressed. (STI571) The PGCs 
were pretreated with 10 mM STI571 before exposure to the SCF gradient. A spherical cell shape remained without membrane polarization.
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for chemotaxis in terms of displacement of the center of mass 
(COM) means, directness, forward migration index and Rayleigh 
test (Table 2). However, since none of the cPGCs and RBCs in 
the control groups and the STI571 pretreated groups showed 
any migration, as based on the migration indexes (Table 1) and 
comparative COM (Fig. 5), the chemotaxis evaluation was not 
applicable. The Rayleigh test (based on p<0.05) indicated that 
SCF induced a chemotactic effect on the cPGC directional mi-
gration, where the trajectories of the SCF-treated cPGCs clearly 

of active migration but rather reflect the movement of cytoplasm.

Discussion 

Successful migration of cPGCs in the developing gonads during 
early embryogenesis is extremely important for the production of 
germ cells and fertility in later life. Ectopic PCGs, as a result of 
defective migration, are subjected to apoptosis, possibly due to the 
lack of supporting environment including survival and proliferating 
factors in mice (Gu et al., 2009). A possible involvement of SCF/c-kit 
in the physiological phases of migrating PGCs has been suggested 
previously based on the positive c-kit expression on cPGCs and 
the SCF expression along the migratory pathway and in the genital 
ridges (Matsui et al., 1990). In chickens, the earliest detectable 
expression of c-kit on PGCs was reported at stage 17 of embryo 
development in the cell population that had already completed 
their migration and were localized in the gonads (Reedy et al., 
2003). This, however, demonstrated an earlier c-kit expression by 
cPGCs at stage 14–15 embryos, suggesting that chicken PGCs 
are capable of SCF sensing before migration to the final target.

In the present in vitro study, SCF was the only external signal 

Treatment group 
Total number 

of PGCs COM (μm) Directness FMIx FMIy 
(P-value) 

Rayleigh test 
Control cPGCs  51 N/A N/A N/A N/A N/A 

SCF-treated RBCs  118 N/A N/A N/A N/A N/A 

SCF-treated cPGCs  70 40.154 0.297 -0.087 0.049 0.047 

STI571-pretreated 
cPGCs  

64 N/A N/A N/A N/A N/A 

TABLE 2

CHEMOTAXIS INDEX

COM = displacement of the center of mass. N/A = Not applicable. FMIx/y = forward migration index 
in the x or y axis, respectively

Fig. 4 (Right). Primordial germ cell (PGC) polariza-
tion determined by the ratio of eccentricity (EC). 
cPGCs were exposed to 0 mg/ml SCF ( ), 5 mg/ml 
SCF ( ), a 10 Mm STI571 pretreatment followed by 
5 mg/ml SCF ( ) and RBCs were exposed to 5 mg/ml 
SCF ( ). Data are reported as the mean ±SEM,from 
three repeats. Statistically significant differences within 
each time point at p< 0.05 and p<0.01 are denoted by 
* and **, respectively.

Fig. 5 (Right). Primordial germ cell (PGC) chemotac-
tic migration, as determined by the displacement 
of center of mass (COM). cPGCs were exposed 
to 0 mg/ml SCF( ), 5 mg/ml SCF ( ), a 10 mM 
STI571 pretreatment followed by 5 mg/ml SCF ( ) 
and RBCs were exposed to 5 mg/ml SCF ( ). Data 
are reported as the mean COM, and the COM means 
were significantly increased in the SCF group but 
remained relatively unchanged in the control, STI571 
and RBC groups.

depicted a directional migration towards the 
SCF concentration gradient (Fig. 6C).The tra-
jectories of the control cPGCs and RBCs and 
STI571-pretreated cPGCs (Fig. 6 A, B and D) 
were hardly visible, with all the tested cPGCs 
and RBCs being located in close proximity to 
the origin and having deviation distances of less 
than the maximum diameter of the cells (<20 
Im). Such distances are unlikely to be the result 
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administered intentionally into the system. Instead of using col-
lagen, as recommended for the ibidi 3D system, the cPGCs were 
embedded in low melting point (LMP) agarose because this non-
physiological substance has no recorded effect on cPGC migration 
or induction. In contrast, type I collagen has been reported to act 
as an adhesion molecule guiding the migration of several cell types 
including PGCs (Hesse et al., 2010). The media was serum free 
to prevent exposure to undefined chemokines potentially present 
in the serum (Zengel et al., 2011). Although the external media-
tors, except for the treatment factors, were omitted in the study 
system, the PGC behavior in the control group was not static. 
Dynamic cycling of the cytoplasm and random blebbings of the 
plasma membrane were visualized, which could be indicative of 
intrinsic activities of the cPGCs, similar to those that were capable 
of migration and invasion (Ma and Baumgartner, 2013). The non-
apoptotic membrane blebbings are known to be a cellular migration 
mechanism (reviewed in (Fackler and Grosse, 2008)). However, 
displacements of cPGCs in the control group were insignificant, 
suggesting a requirement for external contributed factor(s) for 
avian cPGC trafficking. 

The cPGCs clearly responded to the SCF treatment by altering 
their morphology from a spherical to a polarized and elongated 
shape, characteristic of motile cells (reviewed in (Iglesias and 
Devreotes, 2008)). Indeed, the SCF-induced PGC polarization was 
evident as the formation of membrane protrusions and a significant 
increase in the mean EC value (Khandoga et al., 2009). Without 

bisphosphate 3-kinase (PI3K), and mitogen-activated protein 
kinases (MAPK) (reviewed in (Cilloni and Saglio, 2012). Accord-
ingly the inhibition of the SCF-induced responses in the cPGCs 
by STI571 supports the role of SCF-induced c-kit phosphorylation 
in cPGC migration. 

The negative responses to SCF treatments of the c-kit-negative 
RBCs also supported the function of SCF/c-kit in the chemotactic 
migration of cPGCs. A positive control using c-kit-positive non-
PGC cells can not be conducted in this study due to a lack of the 
representative cell type with non-adherent character. The controls 
should be non-adherent cells like cPGCs so that the same study 
model and conditions can be applied. Without the positive control, 
whether the role of SCF/c-kit in migration induction is PGC specific 
can not be addressed by this study. Further investigation should 
be pursued when non-adherent c-kit positive cells are available. 

Although the SCF-induced chemotactic effect was significant, 
the directness of migration was not that strong, where the move-
ment towards the SCF gradient was far from in a straight line. 
This suggested that the migration efficiency of cPGCs would be 
rather low if solely under SCF guidance. However, the observed 
absence of a strongly uniform directness could reflect a non-
uniform linear SCF gradient diffusion pattern in the experimental 
apparatus. Ibidi chemotaxis slide has been demonstrated to be 
able to maintain a long standing gradient for over 48 h (Zengel et 
al., 2011), which is considerably superior in this regard to other 
migration study systems, including transwell migration (Farini 

SCF exposure, the EC values were almost constant 
at 1.0 indicating the normal round appearance of 
the PGCs. In the presence of the SCF gradient the 
protrusion was biased towards the highest SCF 
concentration, suggesting a chemotactic induction 
by SCF. Besides the significant accumulated and 
Euclidean distances of migration trajectories, the 
COM and Rayleigh tests were also significant, 
which strongly supported the chemotactic re-
sponse of cPGCs to SCF (Zengel et al., 2011). 
This was supported by the STI571 pre-treatment, 
which completely abolished the SCF-induced 
morphological and behavioral changes as well 
as the migration of the cPGCs. The concentra-
tion of STI571 used in the present study (10 mM) 
was reported to completely inhibit tyrosine kinase 
phosphorylation (Heinrich et al., 2000), and the 
formation of membrane protrusions and migration 
of human colon adenocarcinoma cells (Popow-
Wozniak et al., 2011). STI571 has been reported 
to function as a selective Bcr-Abl tyrosine kinase 
inhibitor, which can be activated through several 
pathways, including the phosphatidylinositol-4,5-

Fig. 6. Primordial germ cell (PGC) and RBC trajectory 
plots over 16 h of observation.  Migration trajectories 
of the cPGCs after exposure to (A) 0 mg/ml SCF (control), 
with no significant movement; (B) RBCs were exposed 
to 5 mg/ml SCF, with no significant movement; (C) 5 mg/
ml SCF, where the PGC trajectories are mainly in the 
positive direction of the y-axis (the direction of the SCF 
gradient), and (D) 10 mM STI571 pretreatment prior to 
exposure to 5 mg/ml SCF, where no significant migration 
trajectories of the cPGCs were visible.
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et al., 2007). Previously, SDF-1 was suggested to function as a 
chemoattractant in the late migration of chicken cPGCs (Stebler et 
al., 2004), and chicken cPGCs have been shown to preferentially 
glide along the longitudinal axis of feeder cells (Kuwana, 1993), 
implying the topographical association with the ground matrix. It 
is conceivable that the efficient trafficking of avian PGCs requires 
a coordination of multiple factors similar to the findings in mice, 
humans and zebrafish. Generally, PGC migration is a function 
of the propulsion and repulsion induced forces of chemokines 
and adhesion molecules, such as SDF-1, SCF, e-cadherin and 
integrin (reviewed in (Richardson and Lehmann, 2010)). Besides 
the previously reported SDF-1 (Stebler et al., 2004) and herein 
reported SCF chemotactic functions, other influencing factors and 
their interactions on PGC migration in avian await further scrutiny. 

Research into the controlling mechanisms of the directional 
migration of PGCs has focused on the chemoattractant factors 
being released from the gonadal stromal cells (Kuwana et al., 
1986). Since cPGCs show membrane projections extending directly 
towards the genital ridges this is suspected to be the release site 
of putative chemoattractant(s) (Kuwana et al., 1986). In the phase 
of PGC migration at stages 8-22, SCF has been found to be posi-
tively expressed in the lateral and intermediate mesoderm (Reedy 
et al., 2003), part of which develops later in embryogenesis into 
the gonadal anlagen. Therefore, the present study addressed the 
potential chemotactic effect of soluble SCF, based upon its poten-
tial production and release from the developing gonadal anlagen, 
to attract cPGC in migration. Although the gonadal stromal cells 
have been suggested to control the positioning precision they are 
dispensable for the directional migration in the migration process 
of mouse PGCs (Chen et al., 2013). 

Interestingly, the non-uniform SCF-induced cPGC migration 
found in the present study might indicate the existence of different 
subpopulations of cPGCs with potentially different physiological 
properties. Approximately two-thirds of the PGCs were found to 
respond to the SCF treatment by expressing membrane protru-
sions indicative of migrating cells. The remaining non-responding 
PGCs are unlikely to be due to significant damage, abnormalities 
or death since their general morphology remained intact and viable 
with active cytoplasmic cycling visible as in the control group of 
cells without SCF or STI571 exposure. The SCF-responding cells 
could be subdivided into two groups in terms of the SCF-induced 
membrane protrusions being either transient multiple narrow pro-
trusions or a single persistent broad protrusion. The PGCs with 
the latter character were able to perform a directional migration 
while the movement of those with the former character was rather 

random and inefficient. These two subpopulations could represent 
PCGs at different developmental stages as they undergo prolifera-
tion during migration (Nakamura et al., 2007). As such, this might 
be related to the findings that the transmigration of mouse PGCs 
into the gonadal anlagen is not simultaneous but gradually begins 
at stage 15 and extends to approximately stage 29 (reviewed in 
(Nieuwkoop and Sutasurya, 1979)). 

Within migrating mouse PGCs a heterogeneity in c-kit expres-
sion levels has been reported, varying from non-detectable to 
weak and strong levels (Morita-Fujimura et al., 2009). In chickens, 
the levels of c-kit expression on gonadal PGCs of developing em-
bryos was found to increase from stage 17 to stage 19 and then 
was undetectable at stage 22 (Reedy et al., 2003). The varying 
c-kit expression between gonadal PGCs, if also the case in the 
cPGCs, might explain the variation in the SCF-induced migration 
observed in the present study. Accordingly, the different patterns of 
membrane protrusions leading to different migration responses to 
SCF could be a function of the developmental heterogeneity of the 
cPGCs. The immunocytochemistry used in the present study was, 
however, only suitable for positive / negative discrimination of c-kit 
expression and not for quantitative analysis. Future quantitative 
evaluation of c-kit expression levels could contribute some useful 
information towards a better understanding of the physiological 
phases of cPGCs in Aves. Future detailed characterizations of the 
physiological related markers of the cPGCs should significantly 
contribute to the understanding of PGC migration mechanisms. 

SCF exerts a chemotactic function on various cell types, includ-
ing hematopoietic stem cells, neural crest cells and melanocytes 
(reviewed in (Lennartsson and Ronnstrand, 2012)) as well as mouse 
PGCs (Gu et al., 2009). The SCF-induced formation of membrane 
polarization and protrusion involves reorganization of a number of 
cytoskeletal proteins, particularly F-actin, leading to the formation 
of the locomotory lamellipodia and filopodia (Farini et al., 2007). 
Signaling pathways of SCF/c-kit in mouse PGCs have been identi-
fied to involve mTor downstream of Ras, Src and PI3K (De Miguel 
et al., 2002). The factors that regulate PGC migration, including 
transcript mRNA and proteins, might be differently expressed in 
individual PGCs (reviewed in (Richardson and Lehmann, 2010)), 
which could be part of the explanation of the response variation 
found. Downstream signaling of SCFjc-kit induced migration of 
avian PGCs should then be further examined. 

In conclusion, a chemotactic role of SCF/c-kit in the migration 
of avian cPGC could be suggested from the present study. The 
direct evidence was shown that SCF/c-kit is one of the chemotactic 
elements for PGCs throughout the interstitial their migration in vitro. 

Fig. 7. Microscopic images (400x magnification) of paraformaldehyde-fixed blood cells collected from chicken embryos at stages 14–15 of 
development.  (A) Phase-contrast images. (B) Merged images of blood cells with phase-contrast images and nuclear staining with Hoechst 33342 
(dark blue color). (C) Negative c-kit and nuclear counterstaining with Hoechst 33342. Image format was pixels. Scale bars represent 50 mm.
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Besides contributing to fundamental developmental embryology, 
we anticipate the ability to make use of these findings to facilitate 
the gonadal migration of the transplanted PGCs and so improve 
the production of germline chimera. 

Materials and Methods

PGC isolation, enrichment and characterization 
Fertilized chicken eggs were obtained from a local hatchery and were 

incubated at 38ºC until the embryos reached the Hamburger and Hamil-
ton stage (HH) 14–15 of development, after some 50–56 h of incubation 
(Hamburger and Hamilton, 1992). Under a stereoscope (SZ51, Olympus), 
a blood sample was collected from the sinus terminalis and omphalomes-
enteric (vitelline) arteries of each embryo using a glass capillary pipette 
with an approximately 50 mm tip diameter. The PGCs were isolated from 
the blood cells by double density gradient centrifugation, using a protocol 
modified from (Zhao and Kuwana, 2003). Briefly, the blood sample was 
gently loaded onto 5.5% and 11% nycodenz and then centrifuged at 400g, 
4ºC for 30 min. The PGC suspended fraction was collected, washed and 
re-suspended in phosphate buffered saline (PBS) pH 7.4. Enrichment of 
the cPGCs was performed by a selective aspiration of the cPGCs under 
an inverted phase contrast microscope (IX502, Olympus). The selection 
was based on the distinguishable morphology of cPGCs of being round, 
large cells with a diameter range of 10–22 mm (Yasuda et al., 1992), an 
extremely eccentric nucleus and abundant cytoplasmic granules that appear 
reflective under dark field illumination. The enriched cPGC suspension was 
pelleted by centrifugation at 800 g for 10 min, removing the supernatant 
and keeping the pellet on ice for further characterization using PAS staining 
and immunofluorescent detection of SSEA-1. The expression of c-kit on 
the cPGCs was examined for its capacity for SCF sensing. 

PAS staining and indirect immunofluorescence staining of the SSEA-1 
and c-kit receptor 

The enriched PGCs were embedded in a rat-tail collagen gel mix 
containing 0.5 mg/ml rat-tail collagen, and 7.5% (w/v) NaHCO3 in KAv-1 
medium. Briefly, the ice-cold rat-tail collagen gel mix was added to the PGC 
pellet, mixed and allocated into three molds. The molds were prepared in 
a 96-well plate by half-filling the wells with a 2% (w/v) LMP agarose gel 
and then cutting off the solidified gel at the center of each well to make 
a circular mold of 5 mm in diameter. The plate with the embedded PGCs 
was placed on ice for 10 minutes before being transferred to 22ºC to allow 
gradual gelation for 45 minutes. The embedded PGCs were fixed with 4% 
(w/v) paraformaldehyde for 20 minutes and washed thrice, 15 min each 
with PBS pH 7.4. The fixed embedded cPGCs were then subjected to PAS 
staining, and SSEA-1 and c-kit receptor indirect immunofluorescent staining. 

nuclear counterstained with Hoechst 33342 (Sigma, USA) as above. For 
both immunofluorescent detections, negative controls were performed as 
above except with the primary antibodies being omitted. Results were ob-
served under an inverted fluorescence microscope (DP72-BSW, Olympus).

Chemotaxis assays
Ibidi3D chemotaxis slides (Ibidi GmbH) were used as an in vitro model to 

investigate the chemotactic activity of cPGC in the presence of recombinant 
chicken SCF. The SCF was a gift from Dr. Bartunek, the production and 
characterization of which have been reported previously (Bartunek et al., 
1996). The LMP agarose (Invitrogen, USA) gel was selected as the matrix 
to support the horizontal migration of the cPGCs, which is non-adherent 
by nature. Triplicate experiments were performed; each including the 
SCF-treated, negative control and STI571-pretreated then SCF-treated 
groups. Briefly, freshly enriched PGCs were gently mixed with 0.5% (w/v) 
LMP in serum-deprived KAv-1 medium. The cell mixture was subsequently 
loaded on the observation area in the middle channel, which was a gap 
connected to the two parallel reservoirs on either side. The chamber was 
chilled at 10ºC for 30 min to allow gelation and was then placed on a 
thermostage providing a constant temperature of 38ºC. The thermo-stage 
was attached to an inverted phase-contrast microscope equipped with a 
CCD camera and time-lapse photography (DP72-BSW, Olympus). For the 
SCF-treated group the SCF gradient across the observation area in the 
middle channel was generated by filling one reservoir with 5 mg/ml SCF 
in serum-deprived KAv-1 medium and the other with the same medium 
except without SCF. Note that the concentration of SCF used in the assay 
(5 mg/ml) was selected from preliminary experiments to determine the SCF 
efficacy for inducing cPGC migration in this experimental system (Data not 
shown). The control group was treated as per the SCF-treated group above 
except both reservoirs were filled with serum-deprived KAv-1 medium and 
no SCF. Finally, the STI571inhibited group, used to confirm the effects of 
SCF, was performed as per the SCF-group above except that the cPGCs 
were first pretreated by incubating with 10 mM STI571 for 30 min before 
being suspended in the gel matrix and subjected to the SCF-gradient 
migration examination as above. 

A set of negative control experiments, using c-kit-negative cells was 
conducted to support the function of SCF/c-kit in chemotactic migration. 
The packed RBCs remaining after separating the cPGCs and other ny-
codenz suspended cells were tested negative for c-kit expression by the 
immunofluorestcent staining (Fig. 7), thereby being examined as another 
negative control for SCF/c-kit induction of migration. The experiments were 
conducted similarly to those on cPGCs. 

In all cases sequential digital photographs were taken every 2 min over 
the 16-h period and at 0, 0.5, 1.0, 1.5, 2.0, 3.0 and 6.0 h the morphological 
changes and membrane polarization of the PGCs were evaluated based on 

Fig. 8. Trajectory plot defining different parameters for analyzing chemotaxis in 
vitro in 3D model.

The PAS staining was performed according to the standard 
histochemical staining procedure. To detect the SSEA-1 
marker, the embedded cPGCs were incubated with 1:50 
mouse monoclonal anti-SSEA-1 (Santa Cruz Biotechnology, 
USA) in PBS pH 7.4 overnight at 4ºC, then washed thrice in 
PBS pH 7.4. A secondary antibody, 1:1000 FITC conjugated 
goat anti-mouse IgM (Santa Cruz Biotechnology, CA, USA) in 
PBS pH 7.4 was applied for 2 h at room temperature before 
the washing steps. Nuclear counterstaining was performed 
using 5 mg/ml Hoechst 33342 (Sigma, USA) in PBS pH 7.4 
for 10 min and washed once with PBS pH 7.4. For c-kit detec-
tion, the cPGCs were subjected to an overnight incubation 
at 4ºC with a 1:50 polyclonal goat anti-mouse c-kit primary 
antibody (M14, Santa Cruz Biotechnology, CA, USA) in PBS 
(PBS pH 7.4 containing 0.1% (w/v) saponin and 1% (w/v) 
bovine serum albumin). The cells were then washed thrice 
in PBS, 15 min each and were incubated for 2 h at room 
temperature with 1:1000 Alexa® Fluor568 conjugated donkey 
anti-goat IgG (H+L; Molecular Probes, Life technologies, 
USA) in PBSW. After triple washing in PBS the cells were 
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the formation of membrane extension(s) and the EC ratio, which is equal 
to the ratio of the major axis of the cell, the longest straight line that can be 
drawn across the cell, and the minor axis, the longest straight line that can 
be drawn across the cell at 90o to the major axis (Khandoga et al., 2009). 
The cPGCs with membrane protrusions and an EC of significantly greater 
than 1 were elementarily defined as polarized PGCs 

Cell tracking was performed using the Image J ‘Manual Tracking’ plug-in 
software (rsbweb.nih.gov; Ibidi GmbH). Cellular mobility and chemotactic 
migration were evaluated based on accumulated and Euclidean distances, 
cell velocity, COM, forward migration index (FMI), directness (Fig. 8) and 
Rayleigh test (p<0.05), using the ‘Chemotaxis and Migration Tool 2.0’ 
plug-in software (Ibidi GmbH). 

Statistical analysis
The migratory assay was performed in triplicate and the data of each 

treatment were pooled and then analyzed for compliance with a normal 
distribution by the Shapiro-Wilk’s test. Results are expressed as the mean 
± standard error of the mean (SEM). Since the data were found to not be 
normally distributed, Kruskal-Wallis One-way Analysis of Variance by Rank 
test was used to assess statistical differences, using the SPSS software 
(SPSS version 21; SPSS Inc.; Chicago, IL, USA). The Bonferroni-corrected 
Mann-Whitney U test was used to compare the significance of differences 
between means, accepting a p value of <0.05 as significant. 
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