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Abstract: Relatively few studies have examined the de-
velopment of seminiferous tubules in the late embryonic
and neonatal stages of mice, especially with regard to
the proliferation of germ cells. In this study, the relation-
ship between the development of seminiferous tubules
and the proliferation of germ cells was investigated in
mice from the late embryonic to neonatal period. Semi-
niferous tubule development and germ cell proliferation
were evaluated histologically. The results show that from
E15.5 to E16.5, the germ cell density decreased rapidly,
but there was no change in the testis cord area. From
E16.5 to E17.5, although the testis cord area reduced by
half, the germ cell density was maintained even though
the germ cell number did not change in this period. These
results indicate that the testis cord greatly elongates from
E15.5 to PO, especially in the period from E15.5 to E17.5.
They also indicate that germ cell proliferation is not syn-
chronous with seminiferous tubule expansion and that
elongation of the testis cord occurs from the late embry-
onic stage until birth. Using these observations, a model
of germ cell and seminiferous tubule development was
constructed.
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Introduction

The testis is composed of a large number of tubules in
which germ-line cells divide and differentiate to produce
sperm. Seminiferous tubules contain both germ cells
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and supporting cells such as Sertoli cells. The tubules
form a closed system that is separated from the stromal
cells by a basement membrane, where spermatogenesis
takes place. Spermatogenesis is the process by which
undifferentiated spermatogonia, located in the basement
membrane of the seminiferous tubules, self-renew and
differentiate then move toward the lumen to become ma-
ture sperm.

Sperm are produced through multiple stages of prolif-
eration, meiosis, and maturation. Spermatogenesis con-
tinues throughout life and can be classified into the first
wave of initial spermatogenesis from gonadal establish-
ment to puberty, and the adult steady-state that follows
the establishment of self-renewing spermatogonial stem
cells.

Primordial germ cells (PGCs) first appear in the extra-
embryonic mesoderm on embryonic day 7.0 (E7.0) in
mice, and proliferate and migrate through the hindgut
to the genital ridge (GR) [1]. PGCs enter the GR and
they are in cell-cycle arrest at GO/G1 between E13.5
and E16.5 [2, 3]. After birth, germ cell mitosis restarts
[2]. Mitotically-arrested germ cells (gonocytes) migrate
from the center of the testis cord via pseudopodia from
E18.5 to just after birth [4] and attach to the basement
membrane [5]. This attachment is important for gonocyte
survival and differentiation [6, 7].

Seminiferous tubules in the fetal stage are called testis
cords. Testis cord formation in mouse embryonic gonads
begins with activation of the Sry gene (sex-determining
region of the Y chromosome) [8] in Sertoli progenitor
cells [9, 10]. The expression of Sry is transient and has
immunohistologically been shown to occur in the mid-
region of the male gonad at E11. Its expression extends
to the anterior and posterior edges of the gonad by E11.5,
then disappears from the mid-region to the anterior and
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posterior edges by E12.0 [11-13]. Immediately after the
expression of Sry (E11.5), SOX9 (Sry-related HMG box
9), a downstream factor of Sry and a Sertoli cell differen-
tiation factor, is activated [14, 15]. SOX9 not only forms
a cell-autonomous feedback loop that maintains its own
expression, but also acts on downstream factors that act
to increase its expression [16, 17]. SOX9 promotes the
proliferation and differentiation of Sertoli cells and con-
tributes to the formation of the testis cord.

Cell migration from the mesonephros to the gonad is
essential for testis cord formation. Mesonephric cells,
mainly endothelial cells [18, 19], migrate to the gonad
between E11.5~16.5 and differentiate into myoblasts and
vascular endothelial cells [20-22]. Removal of the me-
sonephros or installation of a physical barrier between
the mesonephros and gonad to inhibit cell migration re-
sults in the absence of testis cord structures [21, 23-25].
Several mouse models have indicated a relationship
between defects of vasculogenesis and abnormal testis
cord formation. It has been proposed that the formation
of a vascular network by endothelial cells is required for
testis cord formation [26-28].

Structural analyses of the mouse seminiferous tubule
have identified other important events in testis cord for-
mation. Combes et al. [29] reported that the testis cords
observed at E12.5 ran perpendicular to the long axis of
the gonads. The number of testis cords does not change
at E12.5~14.5, but their mean diameter doubles from
E12.5 to E13.5. In response to the development of cord
structure, the testis cord elongates and expands within
the gonad, undergoing morphological changes such as
bending and fusion of the cords. Nakata ef al. [30, 31]
reported that the seminiferous tubules of adult mice run
around the circumference of the testis in a highly tortu-
ous manner and have a regular layered structure, start-
ing with those leading to the upper end of the testicular
network. Similar to the fetal stage, this high degree of
bending and fusion allows the seminiferous tubules to
elongate. Postnatally, the seminiferous tubules maintain
the basic structures that were established in the fetal pe-
riod. However, our understanding of the structural devel-
opment of seminiferous tubules from the late embryonic
to neonatal periods is comparatively poor. In addition, the
relationship between germ cell proliferation and differen-
tiation and seminiferous tubule development is unclear.
Elucidation of this relationship would provide a basis for
future morphological studies of the testis, and provide
new insights into testis cord development in the late em-
bryonic stages. Increased insights into tubule develop-
ment and germ cell differentiation should be of benefit to
the field of reproductive medicine, such as in the evalu-

ation of spermatogenesis and the creation of infertility
models.

In this study, mouse testes from the embryonic to post-
natal stages were analyzed histologically. A model of
the development of seminiferous tubules and germ cells
was constructed using our observations of changes in
the seminiferous tubule structure, germ cell density, and
distance between germ cells.

Materials and Methods

Animals

Pregnant ICR mice were euthanized by cervical dis-
location and their uteri were dissected and the fetuses
collected. Male neonatal ICR pups less than 7 days old
were anesthetized on ice and decapitated. Gonads were
collected from the male ICR mice aged E12.5 to P6 using
dissecting needles.

Observations and immunohistology

The gonads were fixed overnight at 4°C in 4% para-
formaldehyde (Wako Pure Chemical Industries, Ltd.),
washed with PBS, dehydrated with ethanol, and embed-
ded in paraffin blocks. For histological examination, sec-
tions (3 um) were made for each sample and stained with
hematoxylin and eosin (H&E). For immunofluorescence
staining, sections (4 ym) were rehydrated after deparaf-
finization, and washed twice for 5 minutes with PBS con-
taining 0.1% Tween 20 (PBS-T) (Wako Pure Chemical
Industries, Ltd.). Permeabilization was performed by im-
mersing the sections in cooled methanol for 10 minutes,
and then washing again with PBS-T for 5 minutes. The
sections were then immersed in Blocking One (Nacalai
Tesque) for 1 hour at room temperature. Next, rabbit anti-
DDX4 (DEAD-Box Helicase 4)/MVH (Mouse Vasa Ho-
mologue) polyclonal antibody (1:1000, Abcam: Cat. No.
ab13840), rabbit anti-SOX9 polyclonal antibody (1:500,
Sigma: Cat. No. HPA001758) and rat anti-Ki67 monoclo-
nal antibody (1:500, Invitrogen: Cat.No.14-5698-82) were
added as the primary antibodies and the sections were
incubated overnight at 4°C. After washing three times
with PBS-T for 5 minutes, Alexa594-conjugated donkey
anti-rabbit IgG (1:500, Abcam: Cat. No. ab150064) and
Alexa488-conjugated donkey anti-rat 1IgG (1:500, Ab-
cam: Cat. No. ab150153) were applied and the sections
counterstained with DAPI (1:1000, Wako Pure Chemical
Industries, Ltd.: Cat. No. 340-07971); secondary anti-
body staining was performed at 37°C for 1 hour. Finally,
the sections were washed three times with PBS-T for 5
minutes, and 90% glycerol/PBS was applied. The sec-
tions were observed under a fluorescence microscope



(Olympus). DDX4/MVH was used as a germ cell specific
marker. This marker is expressed in the fetus from late
migration stage PGCs to gonocytes, and in the adult from
spermatogonia to spermatids. SOX9 and Ki67 were used
as Sertoli cell and proliferation markers, respectively.

Germ cell and Sertoli cell density

In each section, ten circular seminiferous tubules
were randomly selected from males aged E14.5 to P6
(n = 3). The number of DDX4/MVH-positive cells and
SOX9-positive cells were counted in each selected tu-
bule. Cross-sectional areas of the seminiferous tubules
were measured using Image J (Ver. 1.52q) image analy-
sis software, and the germ cell density and Sertoli cell
density of each seminiferous tubule cross-section was
calculated.

Proliferative activity of Sertoli cells

The number of SOX9-positive cells was counted in
each section from ages E14.5 to P2 (n =2 5). Subsequent-
ly, the number of SOX9+/Ki67+ cells was counted and
the proliferation index of Sertoli cells was calculated.

Distances between germ cells

Testes from mice aged E14.5 to P6 were sectioned
parallel to the long axis of the seminiferous tubules.
Neighboring germ cells were randomly selected from
seminiferous tubules running longitudinally through the
sections. The distance between the DDX4/MVH maximal
expression area of each germ cell was measured using
Image J (Ver. 1.52q) (intercellular distances; n = 150).

The concentration of seminiferous tubules

HE stained sections of E14.5 to P4 testes were cap-
tured at the same magnification, and the number of semi-
niferous tubules in each image was counted (n = 4).

Statistical analysis

The germ cell density, Sertoli cell density, seminifer-
ous tubule cross-sectional area, distance between germ
cells at each age, proliferation index of Sertoli cells and
number of seminiferous tubules are shown as means +
standard deviation (SD). Welch’s t-test was used to com-
pare the different groups.

Results

Germ cell settlement and localization in the gonads
Testis cords were identified in the GR at the age of

E12.5 and many MVH/DDX4-positive germ cells were

present (Fig. 1A, i). As embryonic age progressed, the
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number of testis cords increased and the number of
MVH/DDX4-positive cells observed per testis cord de-
creased (Fig. 1A, ii and iii). From late embryonic age to
just after birth, germ cells located in the center of the
testis cord began to migrate to the basal membrane
and become attached (Fig. 1A, iv and v). The number
of MVH/DDX4-positive cells attached to the basement
membrane increased after birth. (Fig. 1A, vi)

Seminiferous tubule development and germ cell density

In tubules from mice aged E14.5 to P6, the concen-
tration of DDX4/MVH-positive cells and the areas of the
seminiferous tubules were measured. The density of
germ cells in each testis cord significantly decreased
from E15.5 to E16.5 (P < 0.01) then remained constant
until PO (Fig. 1B). The density of germ cells decreased
significantly again at the age of P2 (P < 0.01) and then
increased until P6. At the age of E17.5, the area of the
testis cord declined significantly (P < 0.01) and thereafter
the area was almost constant until P2 (Fig. 1C). After P2,
the area increased significantly (P < 0.01~0.05).

Change of inter-cell distances

To determine how the changes in germ cell density
were produced, thin sections were cut parallel to the
long axis of seminiferous tubules (Fig. 2A). Germ cells
were found to be densely packed in the period immedi-
ately after the formation of the testis cord until birth (Fig.
2A, i—iii). In the postnatal stage, the distance between
germ cells seemed to increase (Fig. 2A, iv). Then, mito-
sis restarted and germ cells increased, and the distance
between germ cells gradually decreased (Fig. 2A, v and
vi). The distance between germ cells was almost con-
stant from E14.5 to PO (Fig. 2B). However, the distance
increased significantly (P < 0.01), nearly 2-fold, in the
neonatal stage from PO to P2. After P2, the distance re-
duced significantly (P < 0.01~0.05) to the same level as
that seen in the embryonic stage.

Proliferative activity of Sertoli cells and the complexity of
the seminiferous tubule structure

To evaluate whether the decrease in germ cell density
during the fetal stage was due to the elongation of the
testis cord, the proliferative activity of Sertoli cells was
examined (Fig. 3A). The number of Ki67-positive Sertoli
cells was small in the E14.5 testis (Fig. 3A, i), but sub-
sequently, a large number of these cells were observed
(Fig. 3A, ii—v). The density of Sertoli cells increased sig-
nificantly (P < 0.01) from E14.5 to E18.5 (Fig. 3B). Af-
ter E18.5 the density reduced significantly (P < 0.01).
The proliferation index of Sertoli cells increased sig-
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Fig. 1. Structural changes in the gonads and germ cell density.

A, immunofluorescence was performed using testes sectioned vertical to the long axis of the seminifer-
ous tubules from mice aged E12.5 to P6. DAPI (blue) and anti MVH/DDX4 antibody (red) are shown
in all images. (i) E12.5; (ii) E14.5; (iii) E17.5; (iv) PO; (v) P2; (vi) P6. Scale bars are 50 um. B, changes
in germ cell density at different stages. *P < 0.05, **P < (.01. Bar shows mean = SD (n = 10). C, change
in seminiferous tubule area at different stages. *P < 0.05, **P < 0.01. Bar shows mean + SD (n = 10).

nificantly (P < 0.01~0.05) from E14.5 to E18.5 (Fig. 3C).
The proliferation index also decreased significantly (P <
0.01~0.05) after E18.5. The change in testis cord num-
bers and the complexity of the cord structure were as-
sessed by counting the number of cross-sectional testis
cords (Fig. 4). The concentration of cross-sectional testis

cords seemed to increase as the fetal age progressed
(Fig. 4A). Moreover, the number of cross-sectional testis
cords in the same magnification view increased signifi-
cantly from E14.5 to PO (P < 0.05) (Fig. 4B).
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A, immunofluorescence was performed on testis sections sectioned parallel to the long axis of the semi-
niferous tubules from mice aged E14.5 to P6. DAPI (blue) and anti MVH/DDX4 antibody (red) are
shown in all images. (i) E14.5; (i1) E18.5; (iii) PO; (iv) P2; (v) P4; (vi) P6. B, average distance between
germ cells at different developmental stages. *P < 0.05, **P < 0.01. Bar shows mean = SD (n = 150).

Discussion

In this study, a histological investigation of the rela-
tionship between seminiferous tubule development and
germ cell proliferation in mice was performed. At the em-
bryonic age of E14.5, germ cells were densely packed

within the testis cord. However, later in development, the
concentration of germ cells in the testis cord decreased.
From E15.5 to E16.5, the germ cell density decreased
rapidly, but there was no change in the testis cord area.
From E16.5 to E17.5, although the testis cord area re-
duced by one half, germ cell density was maintained.

53
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A, immunofluorescence was performed using testis sections from mice aged E14.5 to P2. DAPI (blue),
anti SOX9 antibody (red) and anti Ki67 antibody (green) are shown in all images. The white arrow indi-
cates a Sertoli cell during active phases of the cell cycle (SOX9+/Ki67+). (i) E14.5; (ii) E16.5; (iii) E18.5;
(iv) PO; (v) P2. Scale bars are 20 pm. B, changes in Sertoli cell density at different stages. *P < 0.05, **P
< 0.01. Bar shows mean + SD (n = 10). C, proliferation index of Sertoli cells. *P < 0.05, **P < 0.01. Bar

shows mean + SD (n = 10).

Gonocytes enter mitotic arrest during E14.5 to E16.5
and remain in this state until after birth. Moreover, the
apoptosis rate of gonocytes in mitotic arrest is quite low
or zero [32]. This means the gonocyte number does not
change during this time. Therefore, these results suggest
that testis cord enlargement and/or increase in the cord

number occur during the period from E15.5 to E17.5. The
timing of the expansion of the testis cords observed in
this study is consistent with previous reports, and it is
generally believed that the proliferation of Sertoli cells
is involved in the elongation and expansion of the testis
cord. Archambeault and Yao [33] suggested that Leydig
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Fig. 4. Cross-sections of seminiferous tubules and change in the number of seminiferous tubules.
A, representative images of sections stained with hematoxylin and eosin from E14.5 to P4 testes. (i)
E14.5; (i1) E16.5; (iii) E18.5; (iv) PO; (v) P2; (vi) P4. Scale bars are 50 pm. B, change in the number of
seminiferous tubule cross-sections. *P < 0.05. Bar shows mean = SD (n > 5).

cells are involved in the elongation and expansion of the
testis cord after E15.5 via modification of the prolifera-
tion rate of Sertoli cells. Sertoli cells also have an FSH
receptor [34], and binding to FSH produced after E17.5
promotes the proliferation of Sertoli cells [35]. Further-
more, insulin-like growth factor 1 (IGF1) enhances the
cell proliferation pathway through FSH signaling [36].

Collectively, these reports suggest that the proliferative
activity of Sertoli cells increases in the late embryonic
stage before birth, and several reports have confirmed
the rate of proliferation of Sertoli cells peaks in the period
from E16.5 to just after birth, and declines slowly thereaf-
ter [2, 37, 38]. In rats, a variety of factors such as TGFaq,
GDNF and Interleukin-1 have been shown to be involved
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Fig. 5. Model for germ cell proliferation during the development of seminiferous tubules.
A: Germ cells are mixed with gonadal somatic cells within the genital ridge.
B: Sertoli cells are generated and surround the germ cells to form a testis cord. In this period,
vasculogenesis and migration of endothelial cells occur, forming the basic structure of the testis.
: Mitosis-arrested germ cells are densely present in the testis cord.
: Cord elongation and/or cord increase occur due to Sertoli cell proliferation.
: After birth, germ cells decrease due to an increase in apoptosis, even though mitosis resumes. Germ
cells migrate from the lumen of seminiferous tubules and attach to the basement membrane.
F: Germ cells increase due to an increase in mitosis.
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in Sertoli cell proliferation [39—48]. Investigating the ex-
pression of these factors in the late embryonic stages of
mice may lead to a better understanding of the regulatory
system behind the proliferation of Sertoli cells.

The seminiferous tubule area and germ cell density did

not change much between the embryonic ages of E17.5
and E19.5. This suggests they do not significantly change
during the development of the testis cord. The distance
between germ cells was measured to confirm whether
the testis cord extends during the fetal stage; however,



the distance was found to be constant until birth. The
Sertoli cell density, the proliferative activity of Sertoli
cells and the density of testis cords were all evaluated
in this study. The density of Sertoli cells increased from
E14.5 to E18.5 and the proliferation index also increased.
Thereafter, the density and the index decreased. In addi-
tion, the number of cross-sectional cords increased sig-
nificantly during the period from E14.5 to PO. Thus, an in-
crease in the number of testis cords and/or complication
of the testis cord structure such as branching and bend-
ing due to elongation would occur in this time. These re-
sults suggest that the development of seminiferous tu-
bules may be less rapid than before E17.5, even though
testis cords elongate during the period from E15.5 to PO.
Moreover, testis cord development couldn’t be assessed
by measuring the distance between germ cells.

Though the area of seminiferous tubules did not
change, the density of germ cells decreased from PO to
P2. This change in density is consistent with a previous
study [49]. The distance between germ cells increased
significantly, and this increase in distance can be ex-
plained by an increase in the apoptosis index. Mitosis
restarts after birth, and at the same time the apoptosis
index increases. The apoptosis index reaches a peak on
P2, and thereafter it decreases reaching a score as low
as adult mice on P3 [50]. Thus, the germ cell number
decreased due to apoptosis and the distance between
germ cells became greater. After P4, the density in-
creased significantly, and the distance decreased. This
change would be due to an increase in mitosis as the
mitosis index increased. However, it was not clear in this
study whether or not the expansion of the tubule area
was due to an increase in mitosis. Thus, further experi-
ments are needed to determine whether germ cell prolif-
eration or differentiation influences the expansion of the
seminiferous tubules.

In conclusion, the results indicate that the testis cords
greatly elongate from E15.5 to PO, especially in the peri-
od from E15.5 to E17.5. This result strongly supports pre-
vious reports that the testis cords greatly elongate during
fetal life. Furthermore, the data indicates that the germ
cell proliferation and seminiferous tubule enlargement
occur asynchronously during fetal life. The results sug-
gest a model for seminiferous tubule development (Fig.
5). This model describes in detail the growth of the testis
cords and germ cell proliferation by age and provides a
basis for future research into testicular development. Elu-
cidating the details of normal testis cord development will
further understanding of normal and pathological testicu-
lar morphologies and spermatogenesis.
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