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Abstract.  The purpose of this study was to investigate seasonal changes of spermatogenesis and the cellular localization
of P450c17 and P450arom in wild male ground squirrels during the breeding and non-breeding seasons.  The testicular
weight, testicular size and score count of spermatogenesis from April to September were measured, and histological
and immunohistochemical observations of testicular tissues were performed in wild male ground squirrels.  In
addition, total proteins were extracted from testicular tissue in the breeding and non-breeding seasons and were used
for Western blotting analysis for P450c17 and P450arom.  There were marked variations in testicular weight, testicular
size and score count of spermatogenesis from the breeding season (April) to the non-breeding season (September).
Histologically, spermatogonia, primary spermatocytes, secondary spermatocytes and spermatozoa were identified in
the breeding season (April).  Immunolocalization of P450c17 was detected in Leydig cells and spermatozoa during the
breeding season and was only found in Leydig cells during the non-breeding season.  The positive signals of P450c17 by
Western blotting were both observed in the breeding and non-breeding seasons.  Immunolocalization of P450arom was
observed in Leydig cells, Sertoli cells and all types of spermatogenic cells including mature-phase spermatozoa in the
breeding season, while immunoreactivity for P450arom was not present in the testis of the non-breeding season.  With
P450arom antibody, a band was also only detected in the breeding season by Western blotting.  These results suggest
that the seasonal changes in testicular weight and size are correlated with spermatogenesis and immunolocalization of
P450c17 and P450arom, and androgen and estrogen may play an important role in the spermatogenesis and testicular
recrudescence and regression process.
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he reproductive strategies of seasonal breeders are adaptations
to annual changes in the environment, and they minimize the

animals’ energetic efforts for reproduction.  Mature males show
synchronized cycles of testicular growth and involution between
the breeding and non-breeding periods [1].  Seasonal changes of
testicular steroidogenesis and spermatogenesis in wild animals
have been reported in many species, including American black
bears [2], Japanese raccoon dogs [3], Japanese black bears [4],
Northern fur seals [5] and polar bears [6].  In these wild animals,
immunohistochemical studies on testicular tissues have demon-
strated that the distributions of immunoreactivities for
steroidogenic enzymes in testicular tissue are associated with sea-
sons and species.

It is well known that normal testicular development and mainte-
nance of spermatogenesis are controlled by gonadotropins and

testosterone, whose effects are modulated by locally-produced fac-
tors, and among them, with estrogen being the main factor involved
[7].  Testosterone and estrogen biosynthesis is catalyzed by a mem-
ber of the cytochrome P450 superfamily, namely cytochrome P450
17α-hydroxylase/c17–20 lyase (P450c17, the product of CYP17A1
gene) and aromatase cytochrome P450 (P450arom, the product of
CYP19 gene), respectively [8].  Immunolocalization of P450c17
and P450arom in the testes has been reported in numerous species,
including American black bears [2], raccoon dogs [3], Shiba goats
[9], brown bears [10], black bears [4, 11], Göttingen miniature pigs
[12], rams [13], bank voles [14], rats [15, 16], mice [17] and ground
squirrels [18].  Although the immunolocalization of P450c17 and
P450arom has been detected in some wild animals and experimen-
tal rodents, there are few reports on wild rodents.

The wild male ground squirrel (Citellus dauricus Brandt) is a
typical seasonal breeder and has a breeding season from April to
May that is followed by a long period of sexual dormancy from
June to March [18].  Studies in ground squirrels have shown that
ground squirrels actively forage, breed and play for about six
months in late spring, summer and early fall and hibernate during
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the remainder of the year [18].  The breeding season of the wild
ground squirrel begins soon after emergence from hibernation [19].
Although several observations about reproduction in ground squir-
rels have been reported recently [18–20], such as seasonal changes
in spermatogenesis and immunolocalization of inhibin/activin sub-
units in wild male ground squirrels [21], there are still many
limitations in the understanding of the mechanisms of reproduc-
tion, especially the role of steroidogenic enzymes in the
spermatogenesis and testicular recrudescence and regression pro-
cess.  The aim of the present study was to investigate the seasonal
changes of spermatogenesis and immunoreactivity of P450c17 and
P450arom in testicular tissues during the breeding and non-breed-
ing seasons and to elucidate the relationship between steroidogenic
enzymes (P450c17 and P450arom) and reproductive function in
wild male ground squirrels.

Materials and Methods

Animals
Forty-six wild male ground squirrels that were thought to be

adult based on their body weights (242–412 g) were captured from
April to September of 2008 in Hebei Province, PR China.  The tes-
tes were excised from each body, and testicular weight was
measured using scales; testicular size was expressed in mm based
on measurement (length × width × height)1/3 after necropsy.  Each
obtained testis was cut into 2 portions; one portion was fixed in 4%
paraformaldehyde (Sigma Chemical, St. Louis, MO, USA) in 0.05
M PBS (pH 7.4) for histological and immunohistochemical obser-
vations, and the other portion was immediately stored at –20 C until
it was used for Western blotting detection.

Histology
Testicular samples were dehydrated in ethanol series and

embedded in paraffin wax.  Serial sections (4 μm) were mounted
on slides coated with poly-L-lysine (Sigma, St. Louis, MO, USA).
Some sections were stained with hematoxylin-eosin (HE) for
observations of general histology.

Evaluation of spermatogenesis
The score count for determining the stage of spermatogenesis

[22] was modified and used to evaluate spermatogenesis.  The
modified criteria of the score count, principally based on the most
advanced spermatogenetic cells, were as follows: Score 1, sper-
matogonia only; Score 2, no cells further than primary
spermatocytes; Score 3, no cells further than secondary spermato-
cytes; Score 4, no cells further than round spermatids; Score 5, no
cells further than mature-phase spermatozoa.  Counting was usu-
ally performed while the whole sample was examined under a light
microscope us ing a  low (×100)  and then h igh (×400)
magnification.

Immunohistochemistry
Fourteen pairs of testes obtained from wild ground squirrels in

April (n=4), May (n=3), August (n=3) and September (n=4) were
used for immunohistochemistry.  The serial sections of testes were
incubated with 10% normal goat serum to reduce background stain-

ing caused by the secondary antibody.  The sections were then
incubated with primary antibody (1:2000) raised against porcine
testicular P450c17 [23] and human placental cytochrome P450 aro-
matase (P450arom) [24] for 12 h at room temperature.  Thereafter,
the sections were incubated with the secondary antibody, goat anti-
rabbit lgG conjugated with biotin and peroxidase with avidin, using
a rabbit ExtrAvidinTM staining kit (Sigma) and then visualized with
30 mg 3,3-diaminobenzidine (Wako, Tokyo, Japan) solution in 150
ml of 0.05 mol Tris-HCl buffer (pH 7.6) plus 30 μl H2O2.  Finally,
the reacted sections were counterstained with hematoxylin solution
(Merck, Tokyo, Japan).  The control sections were treated with nor-
mal rabbit serum (Sigma) instead of the primary antiserum.

Western blotting 
Testicular tissue was weighed and diced into small pieces using

a clean razor blade.  The tissue was homogenized in a homogenizer
containing 300 μl of 10 mg/ml PMSF stock and incubated on ice
for 30 min while maintaining the temperature at 4 C throughout all
the procedures.  Homogenates were centrifuged at 12,000 × g for
10 min at 4 C.  Protein extracts (25 μg) were mixed with an equal
volume of 2 × Laemmli sample buffer.  Equal amounts of each
sample were loaded and run on a 12% SDS-PAGE gel at 18 V/cm
and transferred to nitrocellulose membranes using a wet transblot-
ting apparatus (Bio-Rad, Richmond, CA, USA).  The membranes
were blocked in 3% BSA for 1 h at room temperature.  Primary
incubation of the membranes was carried out using a 1:1000 dilu-
tion of rabbit anti-P450c17 antibody (1:1000 dilution) or rabbit
anti-P450arom antibody (1:1000 dilution) for 60 min.  Secondary
incubation of the membrane was then carried out using a 1:1000
dilution of goat anti-rabbit IgG tagged with horseradish peroxidase
for 60 min.  Finally, the membrane was colored with 25 mg 3,3-
diaminobenzidine (Wako, Tokyo, Japan) solution in 25 ml TBS-T
buffer (0.02 M Tris, 0.137 M NaCl and 0.1% Tween-20, pH 7.6)
plus 3 μl H2O2.

Statistical analysis
Mean values (± SD) were calculated and analyzed using 1-way

ANOVA.  Duncan’s multiple comparison test was used for detec-
tion of significant differences using the SPSS computer package.

Results

Testicular weight and size
The seasonal changes in testicular weight and size in the wild

male ground squirrels are shown in Fig. 1a and b, respectively.  The
largest values of testicular weight and size were found during the
breeding season in April and May, respectively.  The smallest val-
ues of testicular weight and size were found during the non-
breeding season in July and August, respectively.  There were sig-
nificant seasonal changes in testicular weight and size between the
breeding and non-breeding seasons (P<0.05).

Histology and score count of spermatogenesis
A number of seminiferous tubules and interstitial connective tis-

sue were observed in the testes of the wild male ground squirrels
examined.  The most prominent cells in the interstitium were Ley-
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dig cells.  The spermatogenic cell types changed between the
breeding and non-breeding season; in the breeding season, sper-
matogonia, primary spermatocytes, secondary spermatocytes and
spermatozoa were identified based on the histological appearance
of the seminiferous epithelium (Fig. 2a).  In the non-breeding sea-
son, only spermatogonia and primary spermatocytes were observed
(Fig. 2b).  Marked seasonal changes of score count of spermatoge-
nesis from April to September attest to the changes of histological
appearance of seminiferous epithelium during this period (Fig. 1c).

Immunohistochemistry 
Immunohistochemistry for P450c17 and P450arom was per-

formed in the testes during the breeding and non-breeding seasons,
respectively (Table. 1 and Fig. 3).  Marked seasonal changes in the
immunolocalization of P450c17 and P450arom were observed in
the breeding season.  P450c17 was immunolocalized intensely in
Leydig cells and spermatozoa during the breeding season (Fig. 3a)
and weakly in Leydig cells during the non-breeding season (Fig.
3b).  The most extensive immunostaining of P450arom was present
in Leydig cells, Sertoli cells, spermatogonia, all kinds of spermato-
cytes and spermatozoa during the breeding season (Fig. 3c).  No
immunohistochemical reaction for P450arom was observed in tes-
ticular tissues during the non-breeding season (Fig. 3d).  No
immunostaining was detected in control sections when normal rab-
bit serum was substituted for the primary antibody (Fig. 3e).

Western blotting
The results of Western blotting analysis for P450c17 and

P450arom in the testes of the breeding and non-breeding seasons
are shown in Fig. 4a and b, respectively.  A positive signal of
P450c17 was detected in protein extracted from testes in April (Fig.
4a, lane 1) and September (Fig. 4a, lane 2).  Water was used for the
negative control (Fig. 4a, lane 3).  With the P450c17 antibody, the
major bands detected in testis migrated to a position at about 57
kDa.  A positive signal of P450arom was detected in protein
extracted from testes in April (Fig. 4b, lane 1).  Meanwhile, the
protein extracted from a whole ovary in the breeding season was
used as a positive control (Fig. 4b, lane 3).  With the P450arom
antibody, the major bands detected in the testes and ovary migrated
to a position at about 55 kDa.

Discussion

The present study demonstrated that a seasonal change in testic-
ular weight and size occurred in the wild ground squirrels, and
higher values of testicular weight and size were found in the breed-
ing season.   Seasonal  changes of spermatogenesis and
immunolocalization of P450c17 and P450arom in the wild male
ground squirrels were also observed in this study.  Specific bands
of about 57 kDa for P450c17 and 55 kDa for P450arom were
detected in the testis of the breeding season, while only the band for
P450c17 was found in the non-breeding season by Western blotting
analysis.  These findings suggest that seasonal alterations including
those in testicular weight and size in wild male ground squirrels are
closely associated with spermatogenesis and immunoreactivity of
P450c17 and P450arom.

In the present study, the testicular weights and sizes of the wild
ground squirrels decreased significantly from the breeding season
to the non-breeding season.  In the histological appearance of the
seminiferous epithelium, spermatocytes and plenty of spermatic
cells were observed in the seminiferous tubules of testes in the
breeding season, while no spermatocytes and spermatic cells were
found in the seminiferous tubules of testes in the non-breeding sea-
son.  The seasonal change in score count of spermatogenesis was
positively correlated with the changes of histological appearance of
the seminiferous epithelium.  These findings are similar to those

Fig. 1. Seasonal changes in testicular weight (a), testicular size (b) and
score count of spermatogenesis (c) in wild male ground squirrels.
Different letters denote statistically significant values (P<0.05).
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observed in other mammals, such as American black bears [2], rac-
coon dogs [3], Japanese black bears [4], roe deer [25] and horses
[26, 27].  In the American black bear, testicular size changes sea-
sonally, and the largest size is observed in the breeding season,
with the entire spermatogenic cell population from spermatogonia
to spermatozoa present in seminiferous tubules [2].  In wild rac-
coon dogs, the seasonal changes in the mean score count of
spermatogenesis reach the maximum in the breeding season [3].  In
our previous study, the diameters of the seminiferous tubules of
wild ground squirrels were significantly higher in the breeding sea-
son than in the non-breeding season [21].  Together with all the
above results, it appears that the cyclical alteration in the growth
and involution of the testes may be universal in wild mammals.

P450c17 is the key enzyme that translates progestins to andro-

Fig. 2

Fig. 4.

Fig. 3

Fig. 2. Histology of the seminiferous epithelium in the wild male ground squirrels in the breeding season (a; April) and non-breeding season (b;
September), and the scheme of seasonal changes in the testis of the wild male ground squirrel (c, d).  Seminiferous tubules contain germ cells
ranging from spermatogonia (Spg) to spermatids (Spd) in April (a).  Seminiferous tubules have a small diameter and only contain spermatogonia
(Spg) and primary spermatocytes (pSpc) in September (b).  Lc, Leydig cell; Sc, Sertoli cell; Spg, spermatogonia; Spc, spermatocytes; pSpc,
primary spermatocytes; sSpc, secondary spermatocytes; rSpd, round spermatids; Spz, spermatozoon.  Bar: 40 μm.

Fig. 3. Immunolocalization of P450 17α-hydroxylase cytochrome/c17–20 lyase (P450c17) and cytochrome P450 aromatase (P450arom) in the testes of
wild male ground squirrels in the breeding season (a, c; April) and non-breeding season (b, d; September).  Immunostaining for P450c17 was
found in Leydig cells and spermatozoa in the breeding season (a) and was only found in Leydig cells in the non-breeding season (b).
Immunoreactivity for P450arom is distributed in Leydig cells, Sertoli cells, spermatogonia, all kinds of spermatocytes and spermatozoa in the
breeding season (c), and no immunostaining of P450arom was observed in the non-breeding season (d).  No immunostaining was detected in
control sections in which normal rabbit serum was substituted for the primary antibody (e).  Lc, Leydig cell; Sc, Sertoli cell; Spg, spermatogonia;
pSpc, primary spermatocytes; sSpc, secondary spermatocytes; rSpd, round spermatids; Spz, spermatozoon.  Bar: 40 μm.

Fig. 4. Western blotting of cytochrome P450 17α-hydroxylase/c17–20 lyase and cytochrome P450 aromatase in the testes of wild male ground squirrels,
respectively (a, b).  The left side shows the 12% range prestained SDS-PAGE standards (lane M).  Total protein was extracted from the whole
testis of the breeding season (lane 1) and the whole testis of the non-breeding season (lane 2).  Water was used for the negative control in the
Western blotting of P450c17 (a, lane 3).  The extractive from an ovary of a wild female ground squirrel was used as the positive control in the
Western blotting of P450arom (b, lane 3).
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gens.  In this study, P450c17 positive staining was observed in
Leydig cells and spermatozoa of the wild male ground squirrels
during the breeding season and was only found weakly in Leydig
cells during the non-breeding season.  According to the results of
P450c17 immunoreactivity, the ability to synthesize androgen of
wild male ground squirrels testes, which is manifested not only in
the breeding season but also in the non-breeding season, rises to the
maximum in the breeding season and then decreases during the
non-breeding season.  Furthermore, the presence of P450c17 in
spermatozoa in the breeding season shows that the spermatozoa are
another important source of androgens in the breeding season.  Pre-
vious studies have shown that androgens produced by Leydig cells
and spermatozoa play an important role in regulating and maintain-
ing spermatogenesis, such as the conversion of round spermatids to
elongated ones and preventing cell apoptosis in androgen-depen-
dent tissue [28, 29].  In a previous study of roe deer testes,
immunoreactivity of P450c17, which has a positive correlation
with seasonal changes of the expression of INSL3 (Leydig cell-
derived insulin-like factor) in Leydig cells, was present in Leydig
cells in the breeding season but was not detected in the non-breed-
ing season, and the results of that study suggested that P450c17
might cooperate with INSL3 to affect spermatogonial division and
the dedifferentiation of Leydig cells [30].  Our previous study
showed that the inhibin α and inhibin/activin βB subunits were
expressed in Leydig cells and Sertoli cells in the breeding season,
suggested that these growth factors might cooperate with steroid
hormones and play an autocrine or paracrine role in the differentia-
tion of spermatogenic cells [21].  Combined with the distribution
and role of inhibin/activin subunits and P450c17 in the testes of
wild ground squirrels, we suggest that P450c17 might interact with
inhibin/activin subunits to regulate the process of spermatogenesis
and increase the weight and size of testes during the breeding sea-
son in wild male ground squirrels.

The role of estrogen in spermatogenesis has been studied in
recent years [31–34].  Although the concentration of estrogen was
not measured in this study, the estrogen-synthesis enzyme
(P450arom) was detected in the testicular tissues.  Immunohis-
tochemistry and Western blotting of P450arom in testes were first
observed in the wild male ground squirrels.  The most extensive
immunostaining of P450arom was present in Leydig cells, Sertoli
cells, spermatogonia, all kinds of spermatocytes and spermatozoa
during the breeding season.  These findings showed that P450arom
produced by Leydig cells, Sertoli cells and germ cells had a posi-
tive correlation with fully developed spermatogenesis, and these

cells containing P450arom may be the main sources of the estrogen
that may play a role in positively regulating the process of sper-
matogenesis in wild male ground squirrels.  A previous study
suggested that Leydig cells may produce estrogen in an autocrine
or paracrine fashion in the testis to control self-development [35].
Moreover, germ cell development relies on a highly coordinated
interaction with Sertoli cells.  Germ cells and Sertoli cells can com-
municate directly via ligand/receptor-mediated interactions or
paracrine factors [31].  Estrogen has a stimulatory effect on sper-
matogenesis in hpg mice [32] and prevents germ cell apoptosis [33,
34].  Therefore, taking the numerical and morphological changes of
germ cells in the process of spermatogenesis from the breeding sea-
son to the non-breeding season into account, our results suggested
that estrogen produced by Leydig cells, Sertoli cells and germ cells
may affect the production and apoptosis of germ cells during the
spermatogenesis process, and the presence of P450arom in Sertoli
cells and germ cells accompanied with testicular recrudescence
also supports the view that P450arom and estrogen may play a role
in re-initiating spermatogenesis [2].  In short, the present results
suggested that although Sertoli cells do not increase in number in
the breeding season, their capacities for protein secretion
(P450arom, androgen binding protein and inhibin) and for support
of increased numbers of germ cells as in spermatogenesis become
more efficient and result in the variations of weight and size of the
testes in terms of morphology.  In addition, the fact that no immu-
noreactivity of P450arom was detected in the testes of the non-
breeding season by immunohistochemistry and Western blotting
analysis is in agreement with the end of the process of spermatoge-
nesis, which implied that the ability to synthesize estrogen might be
very weak in the non-breeding season.  Accordingly, the present
results suggest that estrogen might not be necessary for normal tes-
tis function in the non-breeding season in wild ground squirrels,
which is after the process of spermatogenesis.

In summary, the seasonal changes in testicular weight and size in
wild male ground squirrels are correlated with spermatogenesis and
immunoreactivity of P450c17 and P450arom; androgens and estro-
gens may play an important role in the spermatogenesis and
testicular recrudescence and regression process.
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