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The effects of cryptorchidism on the regulation
of steroidogenesis and gap junctional communication
in equine testes

Wpltyw wnetrostwa na regulacje procesu steroidogenezy i komunikacje
miedzykomoérkowa w jadrach konia
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Abstract

Introduction: Evidence collected over the years has demonstrated that cryptorchidism is associated with a defect in spermatogenesis and,
as a consequence, with either reduced fertility or infertility. However, the effect of cryptorchidism on Leydig cell function is less clear. The
aim of our study therefore was to investigate the regulation of steroid hormone biosynthesis and, additionally, intercellular communica-
tion in the cryptorchid equine testes.

Material and methods: Testes of mature bilaterally cryptorchid horse and healthy stallions were used for this study. The expression of
luteinising hormone receptor (LHR), 35-hydroxysteroid dehydrogenase (35-HSD), aromatase and connexin43 (Cx43) was detected by
means of immunohistochemistry. Testosterone and oestradiol levels were measured in testicular homogenates using appropriate radioim-
munoassays.

Results: In the testes of both normal and cryptorchid stallions, immunostaining for LHR, 35-HSD and aromatase was confined to the
Leydig cells. In the cryptorchid horse, the intensity of the staining for LHR and 38-HSD was weaker, whereas the staining for aromatase
was clearly stronger than that of the normal stallion. Radioimmunological analysis revealed disturbance of the androgen-oestrogen balan-
ce in the cryptorchid testes. Additionally, in both the seminiferous tubules and interstitial tissue of the cryptorchid a clear reduction of the
Cx43 signal was observed.

Conclusions: Decreased expression of LHR and 3-HSD and increased expression of aromatase in the cryptorchid testes suggest that
hormonal imbalance was caused both by reduced testosterone synthesis and by increased androgen aromatisation. Impaired expression
of Cx43 in the seminiferous tubules as well as in the interstitial tissue of the cryptorchid horse indicates that cryptorchidism affects intercel-
lular communication in the testes. (Pol ] Endocrinol 2008; 59 (2): 112-118)
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Streszczenie

Wstep: Liczne badania wykazaly, ze wnetrostwo wigze sie z wystepowaniem nieprawidlowosci w przebiegu procesu spermatogenezy,
prowadzacych do zaburzen plodnosci. Natomiast slabiej poznano zmiany funkcjonalne w komérkach Leydiga. Stad celem niniejszej
pracy bylo okreslenie wplywu wnetrostwa na regulacje biosyntezy androgenéw i estrogenéw, a dodatkowo takze na komunikacje mie-
dzykomorkowa w jadrach konia.

Material i metody: Material badawczy stanowily jadra dojrzalego konia z obustronnym wrodzonym wnetrostwem brzusznym oraz
gonady zdrowych dojrzatych ogieréw. Ekspresje receptora LH (LHR), dehydrogenazy 3f-hydroksysteroidowej (35-HSD), aromatazy
oraz koneksyny 43 (Cx43) badano metodami immunohistochemicznymi, natomiast stezenia hormondéw steroidowych, testosteronu
i estradiolu, w gonadzie oznaczano technika radioimmunologiczna.

Wyniki: Zaréwno w jadrach ogieréw kontrolnych, jak i wnetra, obecnos¢ receptora LH, 35-HSD i aromatazy wykryto jedynie w komor-
kach Leydiga. W niezstapionych jadrach wykazano spadek immunoekspresji LHR i 38-HSD, za$ wzrost ekspresji aromatazy w stosunku
do jader zwierzat kontrolnych. W jadrach wnetra stwierdzono ponadto obnizone stezenie testosteronu i podwyzszone stezenie estradio-
lu. Ekspresja Cx43 byla znacznie zredukowana w zdegenerowanych kanalikach nasiennych oraz w komérkach Leydiga niezstgpionych
jader.

Whioski: Obnizona — wskutek niedostatecznej stymulacji przez gonadotropiny — produkcja testosteronu i zwiekszona aromatyzacja
testosteronu do estradiolu moga stanowi¢ przyczyne zaburzenia réownowagi miedzy androgenami a estrogenami w niezstgpionych ja-
drach. Zredukowana ekspresja Cx43 w kanaliku plemnikotwérczym oraz w tkance interstycjalnej u ogiera wnetra wskazuje na nieprawi-
dlowosci w bezposredniej komunikacji miedzykomérkowej w niezstapionych jadrach. (Endokrynol Pol 2008; 59 (2): 112-118)
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Introduction

Cryptorchidism is a congenital anomaly in which one
(unilateral cryptorchidism) or both (bilateral cryptorchi-
dism) testes fail to descend into the scrotum. In most
mammalian species the testis in the scrotum is kept at
4-5°C below body temperature. Multiple studies indi-
cate that abdominal temperature negatively influences
the development and differentiation of testicular soma-
tic and germ cells [1-4]. Disruption of spermatogenesis
may also be a result of a hypothalamic-pituitary-gona-
dal axis defect. Major clinical consequences of cryptor-
chidism are a high risk of infertility and testicular mali-
gnancy in adulthood [5, 6]. Most studies on alterations
in the cryptorchid testes of adult animals have been
performed on rodents with the testes surgically moved
to the abdomen [7]. Such studies enable the effect of
increased temperature on mature testes to be explained
but are not adequate for a full understanding of testi-
cular dysfunction in adult mammals with congenital
cryptorchidism. Large domestic animals, in which un-
descended testes are a common problem, may be useful
models for the study of naturally occurring cryptorchi-
dism. In stallions the incidence of unilateral cryptorchi-
dism is much higher than bilateral cryptorchidism [8]. In
practice undescended testes are usually removed in
young immature horses. The adult stallion with bilate-
rally retained testes is therefore a unique and especial-
ly interesting model for the study of congenital cryp-
torchidism.

The aim of the present study was to investigate the
effect of cryptorchidism on the regulation of androgen
and oestrogen biosynthesis and, additionally, on inter-
cellular communication in the testes. Thus the expres-
sion of luteinising hormone receptor (LHR), 33-hydro-
xysteroid dehydrogenase (38-HSD), aromatase and con-
nexin43 (Cx43) was examined in the testes of cryptor-
chid and control stallions.

Material and methods

Animals

Four-year-old Hucul stallion with bilaterally abdomi-
nal testes and three 5-year-old Hucul stallions without
signs of reproductive system disease were used for this
study. The testes were obtained from a slaughterhouse
during the breeding season and immediately transfer-
red to the laboratory. Small fragments of testicular tis-
sue were fixed in 4% formaldehyde and embedded in
paraplast or homogenised.

All procedures were performed in accordance with
Polish legal requirements under the licence granted by
the National Commission of Bioethics at the Jagiello-
nian University and also with the recommendations

contained in “Interdisciplinary Principles and Guideli-
nes for the Use of Animals in Research, Testing and
Education” issued by the Ad Hoc Committee on Ani-
mal Research of the New York Academy of Sciences.

Immunohistochemistry

Immunohistochemistry was performed on deparaffini-
sed and rehydrated 5 um paraplast sections. To optimi-
se the staining, slices were immersed in 10 mM citrate
buffer (pH 6.0) using the high temperature unmasking
technique (2 X 4 min, 650 W).

ABC method

Non-specific staining was blocked twice: with 3% H,O,

in methanol for 10 min and then with 5% normal goat

serum for 15 min. Next, sections were incubated over-
night at 4°C in a humidified chamber in the presence of
primary antibodies:

1) arabbit polyclonal antibody against LHR (1:10, Bio-
trend Chemikalien GmbH, Kéln, Germany);

2) arabbit polyclonal antibody against 38-HSD (1:1500,
a gift from Prof. Anita H. Payne, Stanford Universi-
ty Medical Center, San Francisco, CA, USA);

3) arabbit polyclonal antibody against human placen-
tal aromatase (1:400, a gift from Dr. Yoshiro Osawa,
Hauptman-Woodward Medical Research Institute,
Buffalo, NY, USA).

Subsequently, biotinylated secondary antibody, goat
anti-rabbit IgG (1:400, Vector Lab., Burlingame, CA,
USA), was applied for 60 min. Finally, avidin-biotinyla-
ted horseradish peroxidase complex (StreptABCompleks-
HRP, 1:100, Dako, Glostrup, Denmark) was used. After
each step in these procedures sections were carefully rin-
sed with Tris-buffered saline (0.05 M Tris/HCI; 0.15 NaCl
pH7.4). Staining was performed by using 0.05% 3,3"-dia-
minobenzidine tetrachloride in TBS for 4 min. Finally,
the sections were counterstained with Mayer’s haema-
toxylin. The sections were processed immunohistoche-
mically at the same time with the same treatment so that
the staining intensities of testicular cells could be compa-
red. Tissues incubated with normal goat serum devoid
of primary antibodies were used as negative control.

The sections were examined with a Leica DMR mi-
croscope (Germany) using Nomarski interference con-
trast. Analysis of the immunohistochemistry was per-
formed with public domain Image] software. The in-
tensity of immunohistochemical staining was expres-
sed as relative optical density (ROD) [9]. The data were
statistically evaluated by Student’s t-test, with signifi-
cance set at *p < 0.05.

Immunofluorescence
The sections were incubated at 4°C in a humidified
chamber in the presence of primary polyclonal antibo-
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dy against Cx43 (1:2000, Sigma, St Louis, MO, USA) for
24 h. Next, secondary antibody, tetramethyl rhodami-
ne isothiocyanate (TRITC)-labelled goat anti-rabbit IgG
(1:80, Sigma, St Louis, MO, USA) was used for 1.5 h.
After each step in these procedures the sections were
carefully rinsed with Tris-buffered saline (0.05 M Tris/
/HCI; 0.15 NaCl pH 7.4). Negative control was incuba-
ted in the presence of normal goat serum instead of the
primary antibody. The sections were examined with
a confocal microscope, LSM 510 META, Axiovert 200 M,
ConfoCor3 (Carl Zeiss Microlmaging GmbH, Jena, Ger-
many).

Radioimmunological analysis

Homogenised testicular tissues from both the stallions
and the cryptorchid were used for radioimmunologi-
cal determination of testosterone [10] and oestradiol [11]
levels. For testosterone and oestradiol assays 0.2 ml of
each homogenate was extracted with 2.5 ml ethyl ether.
Testosterone levels were assessed using [1,2,6,7-°H]-te-
stosterone (The Radiochemical Centre, Nycomed Amer-
sham, Buckinghamshire, England), specific activity,
88.0 Ci/mmol, as a tracer and antibody raised in rabbit
against testosterone-3-o-carboxymethylo-oxime-bovine
serum albumin (BSA), whereas oestradiol concentra-
tions were determined using [2,4,6,7-*H]-oestradiol (The
Radiochemical Centre, Nycomed Amersham, Buckin-
ghamshire, England), specific activity, 140 Ci/mmol, as
tracer and an antibody raised in rabbit against oestra-
diol 17B-6-oxime-BSA. Both assays were validated by
demonstrating parallelism between serial dilutions of
testicular homogenates and standard curve. Coefficients
of variation within and between testosterone assays
were 7.6% and 9.8% respectively, while within and be-
tween oestradiol assays they were 3.3% and 7.4% re-
spectively. The recovery of unlabelled testosterone and
oestradiol was also assessed (never less than 90% and
88%, respectively).

Statistical analysis

The data were statistically evaluated by the Student’s
t-test, with significance set at *p < 0.05. The values are
expressed as mean =+ standard error of the mean (SEM).
All samples were assayed in triplicate. In case of the
cryptorchid horse, both testes were used for radioim-
munological analyses.

Results

Immunohistochemical localisation of LHR,
36-HSD and aromatase

Both in the normal and in the cryptorchid stallions im-
munostaining for LHR, 38-HSD and aromatase was re-
stricted to the Leydig cells. In the control stallions the
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intensity of the staining for LHR and 38-HSD was strong
(Fig. 1A, 1C), whereas in the cryptorchid stallion very
weak staining was observed (Fig. 1B, 1D).

Individual cells in the Leydig cell clusters stained
heterogeneously for aromatase (Fig. 1E). However, in
the cryptorchid testes the intensity of the staining was
stronger than in those of the control (Fig. 1F).

Quantitative evaluation of the intensity of immu-
nohistochemical staining for LHR, 35-HSD and aroma-
tase in the Leydig cells, expressed as ROD, confirmed
the qualitative data. There were statistically significant
differences in the immunoexpression of LHR, 33-HSD
and aromatase between the Leydig cells of the control
and those of the cryptorchid stallions (Table I).

No positive staining was observed when the prima-
ry antibodies were omitted (Fig. 1A, 1C, 1F — inserts).

Immunofluorescent localisation of Cx43

In the testes of normal stallions the most intense signal
indicating the presence of Cx43 was located in the ba-
sal compartment of the seminiferous epithelium and in
the Leydig cells (Fig. 2A, 2C). In the cryptorchid testes
staining for Cx43 was observed only in the seminifero-
us tubules that contained spermatogonia, whereas no
signal was detected in completely degenerated tubules
depleted of germ cells. In the Leydig cells the intensity
of the signal was clearly reduced (Fig. 2B, 2D). No posi-
tive signal was observed when the primary antibody
was omitted (Fig. 2A — insert).

Radioimmunological analysis of

steroid hormones levels

Radioimmunological analysis revealed differences in
steroid hormone levels between the testicular homoge-
nates of the control stallion and those of the cryptor-
chid. Testosterone level was lower in the cryptorchid
than in the normal stallions (7.4 = 0.2 ng/100 mg tissue
vs. 4.0 = 0.4 ng/ 100 mg tissue) (Fig. 3A). In contrast, the
oestradiol level was significantly higher in the cryptor-
chid than in the controls (7.8 + 0.7 ng/ 100 mg tissue vs.
3.7 £ 0.1 ng/100 mg tissue) (Fig. 3B).

Discussion

Steroidogenesis in the Leydig cells is regulated mainly
by LH, the pituitary hormone that acts on target cells
through membrane receptor, LHR. Our study has
shown that in the testes of the stallion LHR is localised
only in the Leydig cells, as previously described in other
mammals [12]. The present findings corroborate the stu-
dies on human and rodent cryptorchid testes, indica-
ting reduced expression of this receptor [13-15]. More-
over, in the cryptorchid horse a decrease was found in
the expression of 33-HSD, the enzyme that catalyses
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Figure 1. Immunohistochemical localisation of LHR (A, B), 34-HSD (C, D) and aromatase (E, F) in the testes of normal (A, C, E) and
cryptorchid stallion (B, D, F). Counterstaining with Mayer’s haematoxylin (A-D). The presence of LHR (A), 34-HSD (C) and aromatase
(E) is confined to Leydig cells (arrows). Note a clearly weaker staining for LHR (B) and 34-HSD (D) and stronger staining for aromatase
(F) in the cryptorchid horse than for the healthy stallion. Control tissue sections of the testes show no immunostaining when the incubation
was performed without the primary antibody (A, C, F — inserts). Bar = 20 um

Rycina 1. Immunohistochemiczna lokalizacja LHR (A, B), 34-HSD (C, D) i aromatazy (E, F) w jgdrach ogiera kontrolnego (A, C, E)
i wnetra (B, D, F). Jadra komdrkowe na zdjeciach A—D podbarwione hematoksyling. W jgdrach zdrowego konia LHR (A), 36-HSD (C)
i aromataza (E) obecne sq tylko w komdrkach Leydiga (strzatki). W komdrkach Leydiga ogiera wnetra widoczny znaczny spadek
intensywnosci reakcji na obecnos¢ LHR (B) i 36-HSD (D) oraz wzrost immunoekpresji aromatazy (F). Wstawki na zdjeciach A, C i F
— negatywne kontrole reakcji immunohistochemicznych. Bar = 20 um

the conversion of delta 5-38-hydroxysteroids to delta
4-3-ketosteroids. This is in line with data showing re-
duced activity of 38-HSD in rats with experimentally
induced cryptorchidism [16]. It seems likely that the

decreased testosterone concentration in the undescen-
ded testes of the horse is a result of reduced LHR and
36-HSD expression. Low testosterone levels have pre-
viously been detected in cryptorchid mice, stallions and
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Table 1. Intensity of immunohistochemical staining for LHR, 3-HSD and aromatase in the Leydig cells of control and
cryptorchid stallion, expressed as the relative optical density (ROD) of diaminobenzidine brown reaction product. Values are
means * SD; *p < 0.05

Tabela I. Intensywnos¢ barwienia immunohistochemicznego na obecnos¢ LHR, 34-HSD i aromatazy w komdrkach Leydiga
ogiera kontrolnego i wnetra, wyrazona jako wzgledna gestosé optyczna (ROD) produktu reakcji z diaminobenzydyng. Wartosci
przedstawione jako Srednia * SD; *p < 0,05

LHR 38-HSD Aromatase

Control Cryptorchid Control Cryptorchid Control Cryptorchid

3.18 =0.08 1.48 =0.14% 2.54 +0.26 1.36 = 0.08* 1.83 = 0.19 2.53 = 0.16*

Figure 2. Immunofluorescent localisation of Cx43 in the testes of normal (A, C) and cryptorchid stallion (B, D). In normal testes
a strong signal is visible in the Leydig cells (bold arrows) and in the basal compartment of the seminiferous tubules (open arrows) (A, C).
Note a clearly reduced signal in the Leydig cells and in the degenerative seminiferous epithelium of the cryptorchid (asterisks) (B, D).
Control tissue sections of the testes showed no immunostaining for Cx43 when the incubation was performed without the primary
antibody (A — insert). Bar = 20 um

Rycina 2. Immunofluorescencyjna lokalizacja koneksyny 43 w jgdrach zdrowego ogiera (A, C) i wngtra (B, D). Mocny sygnat widoczny
w komdrkach Leydiga (duze strzatki) oraz w przypodstawnym rejonie nablonka plemnikotwdrczego (strzatki bez wypelnienia) zdrowego
konia (A, C). Znaczna redukcja intensywnosci sygnatu w komdrkach Leydiga oraz w zdegenerowanych kanalikach nasiennych ogiera
wnetra (gwiazdki) (B, D). Wstawka na zdjeciu A — negatywna kontrola reakcji. Bar = 20 yum

dogs [17-19]. On the other hand, Ryan et al. [20] and
Ren et al. [21] observed no significant changes in testo-
sterone levels in cryptorchid stallions, boars and rats.
Our study revealed increased aromatase immuno-
expression and high oestradiol levels in the testes of the
cryptorchid stallion. These results are consistent with
data obtained by Bilifiska et al. [17] and Kawakami et
al. [19] in mice and dogs with experimentally induced

116

cryptorchidism. Thus it may be suggested that the
reduced testosterone level is a result, not only of de-
creased synthesis of this steroid, but also of increased
conversion of androgens into oestrogens. It is intere-
sting to note that similar alterations in testicular ste-
roidogenesis were observed in LHR knockout mice.
In the undescended testes of these mice, a reduction
in the immunoexpression of 38-HSD, decreased te-
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Figure 3. Testosterone (A) and oestradiol (B) levels in the testicular homogenates of normal and cryptorchid stallion. * p < 0.05

Rycina 3. Poziomy testosteronu (A) i estrogendw (B) w homogenatach jgder ogierdw kontrolnych i ogiera wnetra. * p < 0,05

stosterone levels and increased oestradiol levels were
detected [22].

Numerous studies have provided evidence that oestro-
gens play a role in regulating reproductive function in the
male. They are involved in the negative feedback effects
of testosterone on the brain to control pituitary gonado-
tropin secretion. Oestrogens also act directly on the male
reproductive system, modulating functions of testicular
somatic and germ cells as well as of efferent ductules and
epididymis [23, 24]. However, an increased level of oestro-
gens has a deleterious effect on testicular function and male
fertility [25, 26]. It has already been accepted that these
alterations are induced by disruption of the androgen-
oestrogen balance [27]. It may therefore be suggested that
hormonal imbalance is one of reasons for degenerative
changes in the cryptorchid testes.

In addition to endocrine and paracrine controls, in-
tercellular channels, called gap junctions, play an es-
sential role in the regulation of the male reproductive
system. Gap junctions that are formed by a multigene
family of proteins named connexins allow direct
exchange between adjacent cells. The predominant con-
nexin in human and rodent testis is connexin43 (Cx43)
[28]. The results presented show that in the testes of
the stallion Cx43 is located in both the seminiferous tu-
bules and interstitial tissue. In the seminiferous tubules
of the horse this protein is distributed mainly in the basal
compartment as previously described in human and
rodent testes [29-31]. The expression of Cx43 in semini-
ferous tubules of the cryptorchid horse appears to be
dependent on the severity of seminiferous degenera-
tion: a signal was detected only in the tubules conta-
ining germ cells. This is in agreement with the previous
studies of Steger et al. [29] and Batias et al. [32] showing
lack of Cx43 in human and murine seminiferous tubu-
les with Sertoli cell only syndrome (SOS). These results

suggest that expression of this protein is associated with
the presence of germ cells. Reduced expression of Cx43
in the Sertoli cells of the cryptorchid may also be cau-
sed in part by an androgen-oestrogen imbalance. This
hypothesis is consistent with results obtained by Fiori-
ni et al. [33]. According to these authors exposure to
oestrogen-like compounds (bisphenol A and fert-octyl-
phenol) leads to a reduction in the Cx43 level in the
Sertoli cells. On the other hand, Defamie et al. [34] sug-
gest that impaired expression of Cx43 in degenerated
seminiferous tubules may be an effect of altered Sertoli
cell differentiation.

In the Leydig cells of the cryptorchid horse, the Cx43
signal was clearly reduced when compared to that of
the normal stallion. To date Cx43 has been the only con-
nexin detected in the Leydig cells of different species,
butits role in the control of Leydig cell function has not
been yet determined [28]. Results of recent studies on
transgenic mice lacking Cx43 revealed that Cx43 is not
as important for the control of steroidogenesis as was
hypothesised previously [35]. It is worth mentioning
that in mice with Leydig cell tumours impaired expres-
sion and delocalisation of Cx43 was observed. Accor-
ding to the authors, altered expression of this protein
may be a result of uncontrolled proliferation and dedif-
ferentiation of neoplastic cells [36]. It is thus possible
that decreased Cx43 immunoexpression indicates alte-
red differentiation or maturation of the Leydig cells of
the cryptorchid horse.

Conclusion

The present findings revealed that naturally occurring
cryptorchidism in the horse is associated with Leydig
cell dysfunction and an altered balance between andro-
gens and oestrogens in the undescended testes. Decre-
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ased expression of LHR and 38-HSD and increased
expression of aromatase in the cryptorchid testes may
suggest that hormonal imbalance is caused both by re-
duced testosterone synthesis and by increased andro-
gen aromatisation. Impaired expression of Cx43 in the
seminiferous tubules as well as in the interstitial tissue
indicates that cryptorchidism affects intercellular com-
munication in both testicular compartments.
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