
Reprod Med Biol. 2019;18:247–255.	 		 	 | 	247wileyonlinelibrary.com/journal/rmb

1  | INTRODUCTION

Gametes are formed through multiple steps of germ cell migration 
during development, growth, and adulthood.1 Germ cell migration 
is of undoubted importance as germ cells must translocate from an 
original location to spatially distinct locations for survival, fate main-
tenance, and differentiation. Accordingly, defects in germ cell migra-
tion can result in infertility. For more than a century, patterns and 

mechanisms controlling successful migration of germ cells have been 
a focus of interest in the field of reproductive biology.1-5 During mi-
gration, there are multiple migration steps that disallow cells from 
re-entering the proper developmental pathway after wandering off 
the original migration path. (In this review, we refer such a migration 
step as a “gate” for germ cell development.) Herein, we overview the 
current understanding of mammalian germ cell migration during de-
velopment, growth, and homeostasis.
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Abstract
Background: Germ cells represent one of the typical cell types that moves over a 
long period of time and large distance within the animal body. To continue its life 
cycle, germ cells must migrate to spatially distinct locations for proper development. 
Defects in such migration processes can result in infertility. Thus, for more than a 
century, the principles of germ cell migration have been a focus of interest in the field 
of reproductive biology.
Methods: Based on published reports (mainly from rodents), investigations of germ 
cell migration before releasing from the body, including primordial germ cells (PGCs), 
gonocytes, spermatogonia, and immature spermatozoon, were summarized.
Main findings: Germ cells migrate with various patterns, with each migration step 
regulated by distinct mechanisms. During development, PGCs actively and passively 
migrate from the extraembryonic region toward genital ridges through the hindgut 
epithelium. After sex determination, male germline cells migrate heterogeneously in 
a developmental stage-dependent manner within the testis.
Conclusion: During migration, there are multiple gates that disallow germ cells from 
re-entering the proper developmental pathway after wandering off the original mi-
gration path. The presence of gates may ensure the robustness of germ cell develop-
ment during development, growth, and homeostasis.
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2  | TECHNOLOGICAL DEVELOPMENT FOR 
THE ANALYSIS OF GERM CELL MIGRATION

Historically, the development of analytical technologies has enabled 
the investigation of new aspects of germ cell behavior. In the 1960s, 
details of germ cell morphologies were described extensively through 
the use of transmission electron microscopy (TEM), which can pro-
vide profound insights for the regulation of cell behavior. Although 
data provide a static snapshot of a fixed sample, TEM studies revealed 
pseudopod formation, intracellular organelle distribution, cell polarity, 
and cell adhesion, all of which are essential components of germ cell 
migration.6-9 In most developmental stages, germ cells cannot be reli-
ably distinguished within the embryo because of a lack of prospective 
germ cell markers. For primordial germ cells (PGCs), TNAP staining can 
be combined with TEM analysis to enable PGCs to be distinguished 
from surrounding somatic cells with high reliability.4,8 Observation of 
an electron-dense organelle, nuage, by TEM observation, was found to 
be a morphological characteristic of germ cells during some steps of 
spermatogenesis and oogenesis. Nuage is currently proposed to be a 
center of RNA metabolism, retrotransposon regulation, and interplay 
with mitochondria.10,11 To obtain topological information of migrating 
germ	cells,	three‐dimensional	(3D)	morphological	analysis	has	been	ap-
plied.	For	germline	cells,	3D	reconstruction	of	confocal	images	revealed	
the translocation of spermatogenic syncytia through the blood-testis 
barrier (BTB).12 Emerging technologies, such as serial block-face scan-
ning	electron	microscopy	for	the	analysis	of	3D	ultrastructure,13,14 may 
also be useful to investigate important links between germ cell struc-
ture and behavior.

Because cell migration involves temporal components, direct 
observation of live cell behavior is also key to understanding germ 

cell movement patterns. First, studies using in vitro cell/organ cul-
ture systems provide the knowledge about regulatory mechanisms 
of germ cell migration such as cell-autonomous motility, affinity 
to extracellular matrices, cell-cell interaction, and requirement of 
extracellular growth factors.15-19 Since 2000, live-imaging analy-
ses combined with fluorescent protein expression driven by the 
promoter of a specific marker gene have been reported for PGCs 
and spermatogonia.20‐23 Because of difficulties associated with in-
trauterine observation of PGCs, an embryonic slice culture method 
(mainly developed in the field of brain science) was applied for short-
term observations of PGCs.20,21 For spermatogonia, an intravital 
testis live-imaging method to directly observe spermatogonial be-
haviors was established.22-24 Recent single-cell transcriptome analy-
ses have suggested that germ cell states are far more heterogeneous 
than originally thought.25-28 Thus, determining germ cell morphol-
ogies and behaviors must be combined with information about cell 
states to fully understand the dynamics of germ cell migration.

3  | GERM CELL MIGRATION DURING 
DEVELOPMENT

Mouse PGCs have provided abundant knowledge about mamma-
lian germ cell migration in terms of patterns and regulatory mecha-
nisms. Germ cells initially form outside of the gonad.4,5 In mice, a 
small number of cells begin to express Blimp1/Prdm1, Prdm14, and 
Tnap (tissue nonspecific alkaline phosphatase) within the proximal 
epiblast by extraembryonic bone morphogenic proteins at around 
7.25 days post coitum (dpc), and thereby, these cells are recognized 
as PGCs29,30 From the timing and the location of PGC specification, 

F I G U R E  1   Patterns and mechanisms of germ cell migration during development, growth, and homeostasis. (A-H) Various germ cell 
migration steps during embryonic (A-E), growing (F), and adult (G, H) stages. Green circles indicate germ cells, with or without pseudopod to 
distinguish active and passive migration processes, respectively. Red dotted circles indicate germ cell location within the body. Red arrows 
indicate germ cell movement, while blue arrows indicate the mechanism of germ cell transporter. ant, anterior; b.m., basement membrane; 
dpc, days post coitum; post, posterior
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a	pair	of	genital	ridges	are	formed	3	days	after	10.0	dpc	at	the	dis-
tant location (coelomic epithelial region) within the developing em-
bryo.20,31 Therefore, the PGCs are needed to migrate from original 
location where they specified toward genital ridges over several 
days. Because improper PGC movement results in infertility and 
poses a risk of future tumorigenesis, extra-gonadal PGC migration 
should be controlled by a robust mechanism.

3.1 | Active migration toward endoderm epithelium 
after specification (Gate 1)

From 7.5 to 8.25 dpc in mice, PGCs form pseudopods and migrate 
from the primitive streak toward the outermost endodermal epithe-
lium (Figure 1A).8,20 Thereafter, PGCs sequentially enter the definitive 
endoderm layer at the central area of the most posterior embry-
onic endoderm.32 This first migration event has been suggested to 
be regulated by cellular repulsion between mesodermal cells and 
PGCs through molecularly repulsive interactions between different 
members of interferon-induced transmembrane (IFITM) proteins.33 
However, deletion of Ifitm family member genes reportedly did not 
result in any PGC migration defects, suggesting that IFITMs are not 
essential for PGC migration, and therefore, other molecules may be 
redundantly involved in the onset of PGC migration.34 Even if this 
repulsive mechanism is involved in part, how PGCs recognize the 
direction of embryonic endoderm remains unclear. Notably, as dif-
ferentiating endodermal progenitor cells also migrate into the out-
ermost endodermal layer through the primitive streak,35,36 a close 
molecular/cellular interaction between endoderm progenitor cells 
and PGCs may facilitate their concerted movement. In mice, PGCs 
that fail to enter the embryonic endoderm move to extraembryonic 
base of allantois, whereby they are unable to contribute to germline 
development.20 Thus, the initial PGC migration to enter the embry-
onic endoderm may act as the first gate of proper germ cell develop-
ment (Figures 1A and 2).

Primate embryo exhibits a planar structure during the perigastru-
lation period, which is largely different from mouse embryo with an 
elongated cup-shaped structure.37 Recent study suggested that cy-
nomolgus monkey PGCs are specified in the nascent amnion around 
the time of gastrulation of epiblast.38 Thereafter, cynomolgus PGCs 
become to localize within the endodermal layer.38 Thus, although 
the original locations of PGCs are different, the initial PGC migration 
to endoderm might be conserved between mouse and monkey.

3.2 | Passive movement with hindgut 
morphogenesis (Gate 2)

How do PGCs migrate from the embryonic outermost endodermal layer 
to the abdominal space? Upon entering the embryonic endodermal layer, 
PGCs adopt a round shape with occasional small pseudopodial projec-
tions.7,8,21,32 PGCs at this stage adhere to the basolateral region of en-
dodermal epithelial cells, implying a close cellular interaction between 
endodermal epithelia and PGCs.7,8,32 Thereafter, PGCs are incorporated 
into the ventral wall of the hindgut tube through gastrulation.1,31 To the 
best of our knowledge, there is no report of successful live imaging of 
PGC behavior from 8.0 to 8.5 dpc because dynamic morphogenetic 
changes occur in the embryonic body.21 However, considering the ab-
sence of obvious pseudopods on PGCs and dynamic morphogenesis of 
hindgut endoderm, PGCs might be transported by morphogenetic collec-
tive movement of the endoderm layer, probably through conveyer-belt–
like transportation (Figure 1B).1 Reports indicating that the emergence 
of a large number of ectopic PGCs in the extraembryonic visceral en-
doderm of Sox17 (SRY‐related HMG‐box 17)-deficient mouse embryos, 
which exhibits defective differentiation of definitive endoderm, suggest 
that proper endodermal differentiation and morphogenesis are required 
for proper PGC movement at an early stage of gastrulation.32,39 Thus, the 
PGC movement to enter the abdominal space from the outermost endo-
derm layer associated with hindgut morphogenesis may act as a second 
gate for proper germ cell development (Gate 2; Figures 1B and 2).

F I G U R E  2   Gates for germ cell development. A cartoon shows possible major gates during germ cell development in mice. Germ cells 
need to pass through all gates for proper germ cell development (of course, female PGCs do not need to migrate through male-specific 
gates). Solid arrows indicate proper germ cell migration, while dotted arrows indicate ectopic germ cells which usually undergo cell death or 
arrest the differentiation process. Note that scrotal space of rodents is not anatomically separated cavity (see text).
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Conveyer-belt–like PGC transportation results in dispersed 
distribution of PGCs along the anterior-posterior (AP) axis of ven-
tral side of hindgut (Figure 1B lower). The AP length of this PGCs 
distribution is consistent to the AP length of genital ridge.31 These 
findings suggest the importance of passive PGC migration by gut 
morphogenetic movement in allowing PGCs to colonize the entire 
length of genital ridges.

3.3 | Active movement within the gut endoderm

At around 9.0 dpc, PGCs start to actively migrate within the epi-
thelium of the gut endodermal tube in a seemingly random manner 
(Figure 1C), although the underlying molecular mechanism remains 
unclear.21 At this stage, PGCs attach to the basement membrane by 
forming pseudopodia, implying the importance of PGC attachment 
to the basement membrane for the onset of active PGC migration.8 
This may be associated with endodermal epithelial differentiation 
to form the basement membrane.8,40 At this stage, randomly mi-
grating PGCs diffuse from the ventral side to the entire (right-left 
and dorsal-ventral) circumference of the hindgut tube (Figure 1C 
lower).21 Taken together, the combination of passive transportation 
(Figure 1B) and subsequent active random migration (Figure 1C) may 
cooperatively support widespread distribution of PGCs within the 
hindgut tube, which is a prerequisite for proper germ cell migration 
toward the entire region of left/right gonads.

During migration within the gut endoderm, epigenetic changes 
such	as	upregulation	of	H3K9diMe,	downregulation	of	H3K27triMe,	
cell cycle arrest at G2 stage, and RNA polymerase II-dependent 

transcriptional repression occur in PGCs.41‐43 Reportedly, ectopic 
PGCs in the extraembryonic visceral endoderm arising from the 
failure	of	proper	PGC	movement	undergo	changes	 in	H3K27triMe	
and	H3K9diMe	with	normal	manner	at	a	bulk	level,	suggesting	that	
epigenetic changes in PGCs proceed in a cell-autonomous manner.32 
In the future, it will also be interesting to analyze causal relationships 
between cell motion patterns, cell cycle progression, and transcrip-
tional activity.

Primordial germ cell migration through hindgut appears to be 
widely conserved among mammals. For example, cynomolgus mon-
key PGCs localize within the ventral side of epithelial wall of hindgut 
in embryo at early somite stage.38 Thereafter, cynomolgus PGCs be-
come to distribute entire circumference of hindgut tube.38 On the 
other hand, in avian embryos, the PGCs use the vascular system as 
a vehicle to transport them to the region near the genital ridge.44,45

3.4 | Active movement toward genital ridges (Gate 
3)

At around 10.0 dpc in mice, PGCs leave the gut tube and migrate 
toward bilateral genital ridges through the dorsal mesentery 
(Figure 1D).21 Morphologically, most PGCs at this stage exhibit a po-
larized shape with pseudopodia.8 Live-imaging observations suggest 
that directional PGC movement occurs at this stage.21 Moreover, 
after leaving the hindgut, PGCs at this stage particularly spread 
and actively move in vitro.15 These data support the possibility that 
PGC locomotion toward genital ridges through the dorsal mesen-
tery is an active process with organized directionality, rather than 
passive transportation or random migration. Dynamic adhesion to 
the extracellular matrix is important for PGC migration. Notably, the 
dorsal mesentery (the region through which PGCs migrate) is rich 
in fibronectin.46 In addition, laminin, type IV collagen, perlecan, and 
heparin sulfate are observed on the basement membrane underlying 
the coelomic epithelium.47,48 All or a part of these extracellular ma-
trices may provide a scaffold for long-range PGC migration.

Mechanisms regulating the directionality of PGC active migration 
continue to be a focus of the field. One of the important chemokine-
receptor combinations controlling PGC migration toward the genital 
ridge involves stromal-derived factor-1 (SDF1; also known as CXCL12) 
and its G protein-coupled receptor chemokine (CXC motif) receptor 4 
(CXCR4).49,50 SDF1 is expressed by cells in the genital ridges and sur-
rounding somatic cells, while CXCR4 is expressed by PGCs. Deletion of 
either SDF1 or CXCR4 causes defects in normal colonization of PGCs 
within the genital ridges, suggesting that SDF1/CXCR4 interaction 
is required for the normal colonization of PGCs to genital ridge.49,50 
However, it remains to be clarified whether SDF1/CXCR4 interaction 
on PGCs plays a role in cues of directionality or motility activation.

Gene knockout experiments have demonstrated the involvement 
of c-Kit and its ligand steel in PGC migration, whereby they play a role 
in PGC survival and proliferation.51‐53 In addition, Wnt5a-mediated 
Ror2 activation enhanced the polarity and motility of migrating PGCs 
as a cell-autonomous motility regulator.54,55 During PGC migration in 
dorsal mesentery, increased expression of E-cadherin in PGCs might 

F I G U R E  3   Undifferentiated spermatogonium on the 
basement membrane in adult mouse testis. A confocal image of 
GFRα1+ spermatogonium (green) and nuclear (blue) in C57BL6 
adult	(3‐mo‐old)	mouse	testis.	GFRα1+ cell was visualized by 
immunohistochemistry by using anti-GFRα1 antibody and 
Alexa488-conjugated anti-goat IgG antibody with a nuclear 
staining	by	Hoechst	33342,	following	the	procedures	described	in	a	
previous papers.23,32 White dotted line indicates a periphery of the 
seminiferous tubule. Bar indicates 10 μm



     |  251KANAMORI et Al.

be involved in PGC migration and survival through cadherin-mediated 
adhesions of PGCs to one another.18,56 These molecules may coop-
eratively support the robust PGC migration toward the genital ridge.

After arriving at the genital ridge, PGCs become immobile and 
lose their pseudopodia (Figure 1E), although the mechanism under-
lying suppression of motility remains largely unclear. One possible 
mechanism was suggested to be downregulation of CXCR4 ex-
pression by PGCs.49 Importantly, PGCs that fail to enter the genital 
ridge remain in the midline region and are mostly eliminated by cell 
death.21 Thus, the directional PGC migration from the gut to genital 
ridges may act as a third gate for the proper germ cell development 
(Gate	3;	Figures	1D	and	2).

4  | MIGRATION OF MALE GERMLINE 
CELLS AFTER BIRTH

4.1 | Testis descent (Gate 4)

Movement of a pair of testes within the body is called the descent 
of testis. This process passively transports all germ cells from a core 
abdominal space to scrotal cavity (in rodents, scrotal cavity is not 
separated from abdominal space anatomically) by shortening of the 
gubernaculum in mammals with minor exceptions such as elephant, 
platypus, and dolphin (Figure 1F).57-60 Hormones such as insulin 
3,	 testosterone,	Müllerian‐inhibiting	 substance,	 and	 relaxin	 are	 in-
volved in this gubernaculum development.60,61 In most mammals, 
proper spermatogenesis requires testicular location within a scro-
tal cavity (in particular, a temperature slightly lower than body core 
temperature in scrotal cavity is thought to be an important), because 
the failure of testis decent causes hypospermatogenesis (cryptor-
chidism).60,62-64 Thus, the germ cell passive movement from core ab-
dominal to scrotal environments may act as a forth gate for proper 
germ cell development (Gate 4; Figures 1F and 2).

4.2 | Directional migration of gonocytes toward the 
basement membrane (Gate 5)

After sex determination, the testis cord becomes recognizable by the 
formation of a basal membrane, which provides the structural basis for 
a future seminiferous tubule.65 In mice, the cell cycle progression of 
PGCs is arrested at a later stage of development.66 Around the time of 
birth, PGCs become to be called “gonocytes” (also known as presper-
matogonia or prospermatogonia).65,67-69 The non-proliferating phase 
of gonocytes continues until the neonatal period. At birth, they ex-
hibit a round shape and are separated from the basement membrane 
by immature Sertoli cells.16,68 However, after a couple of days, some 
gonocytes begin to form cytoplasmic processes toward the periphery 
of the tubule, whereby they make contact with the basement mem-
brane (Figure 1F).6,70 Yet, how gonocytes sense the peripheral region 
of seminiferous tubules and acquire motility remain open questions.

At the time when germ cells attach to basement membrane, cells 
become “spermatogonia.” It is proposed that gonocytes follow two 
distinct fates: direct differentiation that contributes to first-round 

spermatogenesis or maintenance of a stem cell fate supporting sper-
matogenesis after the second round.66,71 This fate selection has 
been suggested to be closely related to the seminiferous epithelial 
cycle.71 Thus, the arrival location of migrating gonocyte might be re-
lated to gonocyte fate selection.

Centrally remaining cells are thought to eventually degener-
ate.70,72,73 Moreover, resumption of cell division mostly occurs after 
attachment to the basement membrane, suggesting the importance 
of the environment on the basement membrane for the progression 
of male germ cell development.74,75 Therefore, the germ cell active mi-
gration to the periphery of tubules can be considered as a fifth gate for 
proper germ cell development (Gate 5; Figures 1F and 2).

4.3 | Spermatogonial migration

During the reproductive period, mammalian sperm production is sup-
ported by spermatogenic stem cells that achieve a balance between 
self-maintenance and differentiation into spermatozoa.76 A trans-
plantation assay suggested that spermatogenic stem cell function 
resides within the undifferentiated spermatogonia, which contain 
singly isolated cells (called Asingle) and syncytia.77 While undifferen-
tiated spermatogonia were shown to have elongated structure on 
the basement membrane,9 their behaviors had not been observed 
directly	until	a	decade	ago	(Figure	3).	Undifferentiated	spermatogo-
nia are sparsely distributed across the basement membrane with a 
small bias near vasculature and interstitium.22,78 Intravital live-imag-
ing analyses showed that GFRα1‐EGFP+	and	Ngn3‐EGFP+	spermat-
ogonia, a distinct subpopulation of undifferentiated spermatogonia, 
migrate on the basement membrane (Figure 1G).22,23 Dovere et al19 
suggested that glial cell line-derived neurotrophic factor induces 
directional movement of spermatogonia in culture. Thus, it is im-
portant to understand how this molecule controls spermatogonial 
migration in vivo. As cell migration can alter the surrounding micro-
environment, spermatogonial migration may be related to cell fate 
behavior through alteration of external regulation. A recent study 
suggested that migrating spermatogenic stem cells tune their self-
renewal and differentiation in response to fibroblast growth fac-
tor consumption on the basement membrane,79 highlighting the 
importance of spermatogonial migration to support spermatogen-
esis. However, at present, patterns, regulatory mechanisms, and 
biological significance of spermatogonial migration are still largely 
unknown. Considering the long-term continuity of spermatogenesis, 
spermatogenic stem cell migration is the longest migration process 
of germline development. This active migration of undifferentiated 
spermatogonia in mouse testis is in stark contrast to anchored (im-
mobile) germline stem cells in Drosophila testis.80 Thus, from an evo-
lutionary point of view, the mouse spermatogonial migration can be 
an intriguing model in the field of germline stem cell biology.

4.4 | Sperm transportation from testis to epididymis

As spermatogenesis proceeds, spermatogenic cell syncytia slowly 
translocate from basal to adluminal compartments of the seminiferous 
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epithelium through the BTB.12 After the completion of spermatogen-
esis, spermatozoa are released from the epithelium to the tubular lu-
minal space. Importantly, at this time, spermatozoa have not acquired 
motility yet, although a sperm tail has already formed. Instead, sper-
matozoa are thought to be passively transported by luminal fluid flow, 
which is generated by “water uptake” of Sertoli cells into the tubule 
lumen and “water outflow” by epididymal epithelial cells (Figure 1G).81 
In addition, the contraction of peritubular myoid cells surrounding the 
seminiferous tubule is also suggested to support sperm transporta-
tion by pushing the tubule in a peristalsis-like manner.82,83 However, 
how these two mechanisms work to correctly transport spermatozoa 
to the epididymis remains an open question. Importantly, spermato-
genesis is disrupted soon after the blockage of luminal flow by artifi-
cial efferent duct ligation or obstruction of flow by introducing a latex 
plug into the tubule, suggesting that the intratubular microenviron-
ment formed by luminal flow is important not only for sperm transpor-
tation, but also for spermatogenesis.81,84 Beyond the proposed role of 
tubular flow for spermatogenesis, molecular regulation and/or physi-
cal stress control mechanisms (such as osmolality and shear stress) re-
main largely unknown. Further study is needed to understand causal 
relationships between specific molecules and spermatogenesis.

During sperm transportation through epididymis, spermatozoa 
gradually acquire the ability to move progressively and be able to 
capacitate in the female reproductive tract.85-90 Thus, sperm pas-
sive movement within the male reproductive tract is essential for 
successful fertilization. Taken together, the role of sperm movement 
from testis to epididymis involves functional modification in addition 
to cell transportation.

5  | FEMALE GERMLINE

After sex determination and proliferation, female PGCs initiate 
meiosis and form primordial follicles in the cortex of the ovary.91 
Primordial follicles become active and undergo folliculogenesis at 
regular intervals initiating at around birth and continuing throughout 
adulthood. Once activated, follicles and oocytes in a cohort either 
grow to maturation and ovulation or undergo atresia. In general, 
mammalian ovaries can release an oocyte from wide area of ovar-
ian surface. As a unique system, horse ovary can undergo ovula-
tion only at a specific narrow region on the ovarian surface (called 
ovulation fossa).92 While female PGCs and oocytes appear to lack 
the prominent motion in the cortex of ovary, emerging live-imag-
ing techniques to observe both germ cells and surrounding somatic 
cells (such as vasculature) will be useful to reveal the mechanisms of 
female germ cell development.93

6  | CELL MOVEMENTS WITHIN THE 
FEMALE REPRODUCTIVE TRACT

Finally, because the main focus of this paper is germ cell development, 
we briefly introduce the key migration events of ejaculated/ovulated 

gametes and preimplantation embryos. Of course, these movements 
are essential for the success of fertilization and implantation.

Oocytes cannot actively move because they are coated by a 
hard structure consisting of a glycoprotein called zona pellucida. It 
was suggested that ovulated oocytes are passively transported by 
oviductal luminal flow, which is generated by ciliary movements of 
epithelia (Figure 1H).94-96 The key mechanism involves organized di-
rectionality of cilia movements of the oviductal epithelium, which is 
regulated by planar cell polarity.97

Spermatozoa actively and passively move in uterus, uterotubal 
junction, and oviduct in response to several extracellular signals that 
control sperm migration and fertilization capacity. For detailed pat-
terns and mechanisms of sperm migration for successful fertilization 
in the female reproductive tract of mouse and domestic animals, see 
previous excellent reviews.98,99

After fertilization, embryos move to implant on the uterine wall. 
Embryos of multiple-conception animals move dynamically within 
the uterus horn to achieve an even distribution of embryos. Notably, 
embryos of angulates can move extensively throughout both the 
left and right sides of uterine horns, regardless of their elongated 
morphologies.100-102 Because intrauterine movement and distri-
bution are highly related to the efficiency of nutrition and oxygen 
supplies from mother to embryos, this phenomenon is important 
for the production efficiency of experimental and industrial animals. 
However, early embryonic motion dynamics and related regulatory 
mechanisms remain largely unknown. While intra-oviductural and 
intrauterine events are currently difficult to analyze in vivo, contin-
ued development of analytical technology will progress this research 
in the future.

7  | CONCLUSION

As summarized, germ cells actively and passively migrate to pass 
through multiple gates for proper germ cell development. At some 
developmental stages, germ cells adopt common active migration 
mechanisms, similar to a typical non-epithelial cell.103,104 However, 
in other developmental stages, germ cell migration follows other 
mechanisms, such as passive transportation by gut endodermal mor-
phogenesis and luminal fluid flow. Thus, the phenomena of different 
germ cell migration paths provide unique models for understanding 
the principles of cell migration in the field of biology.

We would emphasize that mammalian germ cell development is 
accompanied with their migration through multiple gates (Figures 1 
and 2). As we overviewed, there are some other migration steps (such 
as spermatogonial motion) during germ cell development. In these 
migration steps, there may also be unidentified gates. Importantly, 
germ cells are needed to migrate through all gates properly during 
development, growth, and homeostasis. If germ cells fail to enter the 
gate, ectopic germ cells cannot return to the original road of their mi-
gration, and therefore, they cannot differentiate properly. Following 
these findings, during migration, multiple gates may ensure the ro-
bustness of germ cell development. Elucidation of molecular/cellular 
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identity of gates during germ cell migration will provide the new in-
sight for the mechanisms of germ cell development.

In conclusion, although mechanisms underlying the regulation of 
germ cell migration appear to be highly variable and complex, the ex-
istence of multiple gates during germ cell development may ensure 
the robustness of germ cell migration.
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