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In various species, androgens and estrogens regulate the function of testicular Leydig, Ser-
toli, peritubular myoid, and germ cells by binding to their respective receptors and eliciting
a cellular response. Androgen receptor (AR) is expressed in Sertoli cells, peritubular myoid
cells, Leydig cells and perivascular smooth muscle cells in the testis depending on the
species, but its presence in germ cells remains controversial. Two different estrogen recep-
tors have been identified, estrogen receptor alpha (ERa) and estrogen receptor beta (ER),
and their localization and function in testicular cells varies depending on the species, devel-
opmental stage of the cell and type of receptor. The localization of AR in an immature and
mature stallion has been reported but estrogen receptors have only been reported for the
mature stallion. In the present study, the localizations of AR and ERa/ER[3 were investi-
gated in pre-pubertal, peri-pubertal and post-pubertal stallions. Testes were collected by
routine castration from 21 horses, of light horse breeds (3 months-27 years). Animals were
divided into the following age groups: pre-pubertal (3-11 months; n=7), peri-pubertal
(12-23 months; n=7) and post-pubertal (2-27 years; n=7). Testicular tissue samples were
fixed and embedded, and the presence of AR, ERa and ER[3 was investigated by immunohis-
tochemistry (IHC) using procedures previously validated for the horse. Primary antibodies
used were rabbit anti-human AR, mouse anti-human ER[ and rabbit anti-mouse ERa. Sec-
tions of each region were incubated with normal rabbit serum (NRS; AR and ERa) or mouse
IgG (ERB) instead of primary antibody to generate negative controls. Androgen receptors
were localized in Leydig, Sertoli and peritubular myoid cells of all ages. Estrogen receptor
alpha was localized in Leydig and germ cells of all ages but only in pre- and peri-pubertal
Sertoli cells and post-pubertal peritubular myoid cells. Estrogen receptor beta was local-
ized in Leydig and Sertoli cells of all ages but in only pre-pubertal germ cells and absent in
peritubular myoid cells of all ages. Taken together, the data suggest that estrogen regulates
steroidogenesis by acting through ERa and ER in the Leydig cells and promotes game-
togenesis by acting through ERP in the Sertoli cells and ERa in the germ cells. In contrast
androgen receptors are not found in germ cells throughout development and thus are likely
to support spermatogenesis by way of a paracrine/autocrine pathway via its receptors in
Leydig, Sertoli and peritubular myoid cells.
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1. Introduction

In other species androgens and estrogens regulate the
function of testicular cells by binding to their respective
receptors and eliciting a cellular response (Dohle et al.,
2003; Holdcraft and Braun, 2004; Sierens et al., 2005;
Bilinska et al., 2006). Testosterone appears to be responsi-
ble for maintaining adequate blood-testis barrier function
(Meng et al., 2005), inducing meiosis and postmeiotic
development of germ cells (Dohle et al., 2003; Holdcraft
and Braun, 2004) and inhibition of germ cell apoptosis
(Singh et al., 1995). There also appears to be an androgen
action on Sertoli cells to modulate gene expression, pro-
liferation and differentiation (Dohle et al., 2003; Holdcraft
and Braun, 2004). Androgens regulate steroidogenesis by
regulating steroidogenic enzymes in Leydig cells (Hales
et al.,, 1987; Shan et al., 1995).

Many of the biological actions of androgens are medi-
ated by the androgen receptor (Lubahn et al., 1988; Chang
et al., 1988a,b). Androgen and the AR play important
roles in male spermatogenesis and fertility by way of a
paracrine/autocrine system (Wang et al., 2009). There is
general agreement that AR is expressed in Sertoli cells, per-
itubular myoid cells, Leydig cells and perivascular smooth
muscle cells in the testis (Anthony et al., 1989; Sar et al.,
1990; Kimura et al., 1993; Bremner et al., 1994; Vornberger
et al.,, 1994; Zhou et al., 1996). The presence of AR in germ
cells remains controversial. Several reports indicated that
AR are present in germ cells (Warikoo et al., 1986; Kimura
et al., 1993; Janssen et al., 1994; Vornberger et al., 1994;
Zhou et al., 1996; Arenas et al., 2001; Solakidi et al., 2005;
Aquila et al., 2007; Merlet et al., 2007), but other studies
indicate that there is no staining in the germ cells (Galena
et al., 1974; Grootegoed et al., 1977; Anthony et al., 1989;
Bremner et al., 1994; Van Roijen et al., 1995; Suarez-Quian
et al., 1999; Pelletier et al., 2000).

Increasing evidence over the last decade has established
the importance of estrogen in regulating testicular func-
tion (Abney, 1999; O’'Donnell et al., 2001; Hess and Carnes,
2004). Estrogen has been implicated in spermatogonial
stem cell division (Miura et al., 1999), initiation and main-
tenance of spermatogenesis (Ebling et al., 2000), and as a
germ cell survival factor (Pentikainen et al., 2000).

Two different estrogen receptors have been identified;
estrogen receptor alpha (ERa) and estrogen receptor beta
(ERPB). It appears that both ER subtypes have similar affini-
ties for estradiol (Kuiper et al., 1997). The localization of
estrogen receptors in testicular cells varies depending on
the species, developmental stage of the cell and type of
receptor (Abney, 1999; O’Donnell et al., 2001; Hess and
Carnes, 2004). In the boar, ERe. mRNA and ERa immunore-
activity have been localized in spermatogonia and primary
spermatocytes, whereas ER3 mRNA and ER[3 immunore-
activity were localized in Sertoli cells (Rago et al., 2004;
Lekhkota et al., 2006). However, in other species such as
the rat, human, non-human primates, dog, cat and mar-
morset, ERe and ER immunoreactivity was found not
only in spermatogonia, spermatocytes and Sertoli cells, but
also in spermatids, Leydig cells and peritubular myoid cells
and these locations appeared to change with age in some
reports (van Pelt et al., 1999; Pelletier and El-Alfy, 2000;

Pelletier et al., 2000; McKinnell et al., 2001; Saunders et al.,
2001; Nie et al., 2002; Zhou et al., 2002).

The roles of androgen and estrogen in the stallion testis
remain largely unknown. Previous results from our labora-
tory demonstrated that the intratesticular concentration of
testosterone was relatively unchanged throughout devel-
opment whereas, intratesticular estradiol concentrations
increased with age (Stewart and Roser, 1998; Parlevliet
et al., 2006) suggesting estrogen may be involved in tes-
ticular development and mature testicular and epididymal
function. Active immunization of colts against estrogens
resulted in increased testis size and sperm production after
puberty (Thompson and Honey, 1984) but the mechanism
by which this occurs is unclear. The cellular localization of
androgen receptors in the immature and mature stallion
has been demonstrated, but the estrogen receptors in the
stallion testis have only been reported in the mature ani-
mal (Bilinska et al.,2004,2005, 2006; Hejmej et al., 2005).In
the present study, the cellular localization of androgen and
estrogen receptors was investigated in pre-pubertal, peri-
pubertal and post-pubertal stallions. Age related changes
in the localization of the steroid receptors in the testis,
would suggest a dynamic autocrine/paracrine role of these
steroids in regulating testicular function during reproduc-
tive maturation.

2. Materials and methods

Testes were collected by routine castration from a total
of 21 horses, of light horse breeds, ranging in age from
3 months to 27 years. Animals were divided into the
following age groups: pre-pubertal (3-11 months; n=7),
peri-pubertal (12-23 months; n=7) and post-pubertal
(2-27 years; n=7). The sources of these horses were the
Animal Science Horse Barn, the Center for Equine Health,
the UC Davis Veterinary Medical Teaching Hospital (VMTH)
and various private owners. Animal Use Protocols for rou-
tine castration at the various sites were approved by the
Animal Use Committee at UC Davis. Testicular tissue sam-
ples were prepared as described previously (Hess and
Roser, 2004). Portions of the testis from each animal were
fixed in 4% paraformaldehyde overnight followed by 24 h
in PBS and then serially dehydrated in ethanol.

The presence of ERa, ERB and AR in the testes was
investigated by immunohistochemistry (IHC) using anti-
bodies and procedures previously validated for the horse
(Parlevliet et al., 2006). Using Western blots we previously
demonstrated that these antibodies bound to proteins of
appropriate size from stallion epididymal tissue (ERx -
65 kDa; ER[3 - 60 kDa; AR - 109 kDa) confirming they were
specific for ERa, ER3 and AR (Parlevliet et al., 2006). Addi-
tionally, these antibodies have been used successfully by
other research groups to immunolocalize ERa, ERP3 and
AR in the reproductive tract, including the testis, of other
species (Saunders etal., 2000, 2002; Omoto et al.,2005; Tan
et al., 2005; Li et al., 2006; Kipp et al., 2007; Boukari et al.,
2009).

Tissue was paraffin embedded and sectioned at a
thickness of 5um. Antigen retrieval for AR and ERP
was performed by placing slides in Coplin jars in a
steamer and heating to 93°C. Slides were kept at 93°C
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Table 1
Summary of receptor localization in the stallion testis presented as inten-
sity of immunostaining?.

Cell AR ERa ERP
type " - -

Pre Peri Post Pre Peri Post Pre Peri Post
Leydig ++ +H+ ++ +++ o+ ++ ++
Sertoli  ++ +++ o+ + ++ - A
Myoid — +++  +++ o+ — + _ _ _
Germ - - — ++ ++ ++ ++ — -

2 Intensity of immunostaining scored as negative (—), weak positive
(+), moderate positive (++) or strong positive (+++) by two independent
observers.

for 5min and then allowed to cool to room tempera-
ture. Immunohistochemistry for ERa was performed on
sections without antigen retrieval. Tissues were incu-
bated overnight at 4°C with rabbit anti-human AR
(sc-816; 1:1000; Santa Cruz Biotechnology, Santa Cruz,
CA) or mouse anti-human ER[3 (MCA1974S; 1:40; Serotec,
Raleigh, NC) or for 2h at room temperature with rabbit
anti-mouse ERa (sc-542; 1:250; Santa Cruz Biotechnol-
ogy). Following primary antibody incubation, sections
were incubated with species-appropriate biotinylated sec-
ondary antibody followed by an avidin-biotin horseradish
peroxidase complex (ABC reagent). Immunostaining was
visualized using 3-amino-9-ethylcarbazol (AEC; AR and
ERa) or 3,3’-diamnobenzidine (DAB; ER[) chromagen
followed by counterstaining with Immunomaster Hema-
toxylin (American Mastertech, Lodi, CA) and evaluated
by light microscopy using an Olympus BX6C microscope
(Olympus America Inc., Center Valley, PA) equipped with a
Photometrics Coolsnap Camera (Photometrics, Tuscon, AZ).
Sections of each region were incubated with normal rabbit
serum (NRS; AR and ERa) or mouse IgG (ER[3) instead of
primary antibody to generate negative controls. Intensity
of immunostaining was scored as negative (—), weak posi-
tive (+), moderately positive (++) or strong positive (+++) as
scored by two independent observers without knowledge
of the type of receptor and age of animal.

3. Results

Androgen receptor (AR; Fig. 1 and Table 1) was
expressed in the nucleus of Sertoli cells, Leydig cells and
peritubular myoid cells of all age groups. Germ cells were
negative for AR in all age groups.

Estrogen receptor alpha (ERw; Fig. 2 and Table 1) was
expressed in the nucleus of Sertoli cells, germ cells and
some interstitial/Leydig cells of pre- and peri-pubertal ani-
mals. Peritubular myoid cells were negative in these age
groups. In post-pubertal animals, ERax was expressed in
most Leydig cells and some germ cells. In contrast to the
pre- and peri-pubertal animals, post-pubertal Sertoli cells
were negative for ERa and peritubular myoid cells were
positive for ERa.

Estrogen receptor beta (ER[; Fig. 3 and Table 1) was
expressed in the Leydig cell cytoplasm and in the Sertoli
cell nuclei and cytoplasm of all age groups. Germ cells were
positive for ER[ in pre-pubertal animals but were negative
in peri- and post-pubertal animals. Peritubular myoid cells
were negative for ER( in all age groups.

Although there was quite a large age range in the post-
pubertal group, there were no differences observed in the
cellular localization of the AR, ERa and ER[. Vacuoles
observed in the lumen area of the peri-pubertal group were
most likely due to the evolving formation of the lumen
during puberty. Lipofuscin granules were present in the
pre-pubertal and peri-pubertal ERx and AR negative con-
trol tissue. Lipofuscins are finely granular yellow-brown
(reddish) pigment granules composed of lipid-containing
residues of lysosomal digestion (oxidation of unsaturated
fatty acids) found in developing tissue of young animals.

4. Discussion

The aromatase enzyme converts androgens to estrogens
in the equine Leydig and Sertoli cells in an age depen-
dent manner with more estrogens being produced from the
Leydig cell as the stallion matures (Sipahutar et al., 2003;
Hess and Roser, 2004). These steroid hormones have many
endocrine actions in the stallion including regulation of the
reproductive tract, feedback signaling to the hypothalamus
and pituitary and effects on behavior (Roser, 2008; Janett
et al,, 2009). However, much less is understood regard-
ing the potential paracrine and autocrine actions of these
steroids within the equine testis. Paracrine action is when
a hormone or factor acts on cells neighboring those from
whichit is produced while autocrine action is a hormone or
factor acting on the cell that produces it (Roser, 2008). For
testicular androgens and estrogens to act in a paracrine or
autocrine manner their receptors would need to be present
within the testis. Here we describe the cellular localization
of AR, ERa and ER in the stallion testes throughout its life
time thereby indicating that androgens and estrogens can
act in a paracrine/autocrine manner within the developing
and mature stallion testis.

In the present study, AR were expressed in the pre-
pubertal, peri-pubertal and post-pubertal Leydig, Sertoli
and peritubular myoid cells. This was not entirely con-
sistent with the findings by (Bilinska et al., 2004). These
authors reported that AR were localized in Leydig cells in
immature stallions and Leydig cells, Sertoli cells and per-
itubular myoid cells in the mature stallion. Both studies
do agree that AR were not present in germ cells. The adult
findings are consistent with the adult rat and human (Sar
et al,, 1990) and the adult mouse (Zhou et al., 1996). In
other species, localization of AR in germ cells has been con-
troversial (Wang et al., 2009). An age dependent change in
the location of AR in the equine testes was not observed
suggesting that androgens in the stallion testis are impor-
tant for initiation and maintenance of spermatogenesis
and steroidogenesis via the Leydig, Sertoli and peritubu-
lar myoid cells but not the germ cells. An age dependent
change in localization of AR in the pre-pubertal and puber-
tal pig was also observed but the changes were different
than in the stallion (Kotula et al., 2000). In the pig, AR
were only detected in Leydig cells in the pre-pubertal cells
whereas in the mature pig, AR were located in Leydig, Ser-
toli and peritubular myoid cells; AR were not detected
in germ cells of the pig (Kotula et al., 2000). These stud-
ies are consistent with the concept that androgens act
to initiate and maintain spermatogenesis by way of a
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Fig.1. Androgen receptor immunostaining in representative prepubertal (A), peripubertal (B) and postpubertal (C) testis of the stallion. No immunostaining
is seen in the negative controls (D-F). S - Sertoli cell, L - Leydig cell, M - peritubular myoid cell, G - germ cell. Bars =25 pm. Vacuoles in the lumen area
were found in almost every peri-pubertal testicular tissue most likely due to the evolving formation of the lumen at this time. Lipofuscins were observed
as reddish pigment granules in (A) pre- and (B) peri-pubertal negative controls.
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Fig. 2. Estrogen receptor alpha immunostaining in representative prepubertal (A), peripubertal (B) and postpubertal (C) testis of the stallion. No immunos-
taining is seen in negative controls (D-F). S - Sertoli cell, L - Leydig cell, M - peritubular myoid cell, G - germ cell. Bars = 25 wm. Vacuoles in the lumen area
were found in almost every peri-pubertal testicular tissue most likely due to the evolving formation of the lumen at this time. Lipofuscins were observed
as reddish pigment granules in (A) pre- and (B) peri-pubertal negative controls.
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Fig. 3. Estrogen receptor beta immunostaining in representative prepubertal (A), peripubertal (B) and postpubertal (C) testis of the stallion. No staining is
seen in the negative controls (D-F). S - Sertoli cell, L - Leydig cell, M - peritubular myoid cell, G - germ cell. Bars = 25 pm. Vacuoles in the lumen area were
found in almost every peri-pubertal testicular tissue most likely due to the evolving formation of the lumen at this time.

paracrine/autocrine system. It is interesting to note that
intra-testicular testosterone concentrations in the stal-
lion did not change throughout development (Stewart and
Roser, 1998) suggesting that changes in testicular function

during puberty may be, in part, a function of the number
and location of AR in the testes and not the amount of hor-
mone. Because stallions did not have AR located in germ
cells, the effects of androgens on spermatogenesis may be
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of a paracrine nature involving Sertoli or Leydig cells. Ley-
dig cell specific AR knockout mice also have an altered
expression of several key steroidogenic enzymes (Xu et al.,
2007). Testosterone has been demonstrated to regulate the
genes required for de novo cholesterol synthesis in Leydig
cells (Eacker et al., 2008). These data suggest that testos-
terone in the stallion acts as a paracrine factor regulating
germ cell development and an autocrine factor regulating
steroid hormone synthesis from the Leydig cell.

In the pre-pubertal and peri-pubertal stallion, ERa was
expressed in some Leydig cells, Sertoli cells and germ
cells (spermatogonia) but not in peritubular myoid cells.
However, localization of the receptors changed in the post-
pubertal stallion with the expression of ERa in most Leydig
cells, germ cells as well as peritubular myoid cells but not in
Sertoli cells. In contrast (Bilinska et al., 2005) in the mature
stallion, demonstrated that immunostaining for ERa was
restricted to Leydig cells. Age dependent changes in local-
ization of the ERa have been observed in other species
(O’Donnell et al., 2001; Mutembei et al., 2005; An et al.,
2008; Gonzalez-Moran et al., 2008; Otsuka et al., 2008).
Perhaps in the pre-pubertal and peri-pubertal stallion, ERx
is required to initiate spermatogenesis by inducing mito-
sis of spermatogonia, enhancing steroids from the Leydig
cells and growth factors from the Sertoli cells (Roser, 2008).
Once an adult, estrogen, via ERa, and AR may regulate the
peritubular myoid cells to drive spermatocytes into the
lumen (Maekawa etal., 1996) and to also produce paracrine
factors such as peritubular myoid substance (Pmods)which
regulates Sertoli cell function (Skinner and Fritz, 1986).
Expression of ERa in the Leydig cells changes little with
age except for an apparent increase in the number of
ERa positive cells in post-pubertal animals. This is consis-
tent with the observation that the Leydig cell population
increases with age (Johnson and Neaves, 1981). An increase
in post-pubertal Leydig cells is consistent with an increase
in estrogen concentration in testicular tissue (Stewart and
Roser, 1998; Parlevliet et al., 2006) given that estrogen is
produced by Leydig cells in the stallion (Eisenhauer and
Roser, 1995). Interestingly, estrogen appears to inhibit Ley-
dig cell development in mice (Abney, 1999). If estrogen acts
similarly in the stallion testis, then the lower concentra-
tions of estradiol observed in younger stallions (Stewart
and Roser, 1998) would be required to allow for Leydig
cell development. Estrogen has been suggested to be key
to establishing Sertoli cell function (O’Donnell et al., 2001)
and it could do this through ERa and ERB during develop-
ment and through ERf in post-pubertal stallions.

The present study also suggests that estrogen actions
in the stallion testes are mediated by way of ER[3 in Ley-
dig and Sertoli cells during pre-pubertal and peri-pubertal
stages of development. Germ cells were positive for ERP in
pre-pubertal animal but were negative in peri- and post-
pubertal stallions. Peritubular myoid cells were negative
for ERP in all age groups. Because ERa is not present in
post-pubertal Sertoli cells, it is likely that the function of
these cells is regulated by ERP3 and AR. In contrast, it has
been reported that ER(3 staining was localized in Leydig,
Sertoli and germ cells in post-pubertal stallions (Hejmej
et al., 2005). Expression of ERs in the germ cells varies
amongst other species (Hess and Carnes, 2004). Stallion

germ cells expressed ERa in all age groups but ER(3 only in
pre-pubertal stages. This is clearly in contrast to the review
by (O’'Donnell et al., 2001) which reported that ER3 and not
ERa was present in all types of germ cells in the rodent.
However there are species-species and within-species dif-
ferences due to age and methods (O’Donnell et al., 2001;
Mutembei et al., 2005; An et al., 2008). ERa signaling has
been demonstrated to be a germ cell survival factor for
human germ cells by preventing apoptosis (Pentikainen
et al., 2000) and «ERKO mice have an increased number
of apoptotic germ cells (Gould et al., 2007). Estrogen has
also been implicated in spermatogonial stem cell division
(Miura et al., 1999). BERKO mice have increased numbers
of spermatogonial stem cells (Gould et al., 2007), therefore,
it is possible that estradiol promotes germ cell division and
survival in the stallion testis. Lack of ERB in the adult stal-
lion germ cells could lead to increased numbers of stem
cells for spermatogenesis.

Taken together, these data suggest that estrogen reg-
ulates cell differentiation and steroidogenesis by acting
through ERa and ERP in the Leydig cells and promotes
gametogenesis by acting through ER[3 in the Sertoli cells
and ERa in the germ cells. In contrast androgens likely
activate the Leydig cells, peritubular myoid cells and Ser-
toli cells by way of AR in pre-pubertal, peri-pubertal and
post-pubertal stallions suggesting that its role is to sup-
port the production of estrogen and other factors necessary
for initiation and maintenance of spermatogenesis. It has
previously been suggested that subfertility/infertility in
the stallion is linked to abnormal hormone production
(Roser, 2008). Subfertile and infertile stallions have similar
intra-testicular concentrations of testosterone, estradiol,
and estrogen conjugates when compared to fertile stal-
lions (Stewart and Roser, 1998). It is therefore, interesting
to hypothesize that subfertility/infertility may be related
to problems of ER or AR expression or action rather than
hormone production. The localization of ERa, ER(3 and AR
presented here suggest that estrogens and androgens likely
act in an autocrine/paracrine manner to regulate testicu-
lar function in the developing and mature stallion. These
results may provide a starting point for future investiga-
tions into the expression of ERs and AR in subfertile and
infertile stallions.
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