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SUMMARY

The effect of castration and steroid replacement on the
intracellular partitioning of the androgen receptor in the
brain of the male Syrian hamster was determined using
immunocytochemistry. Androgen receptors were visual-
ized using the PG-21 antibody (G. S. Prins) on 4G-um
coronal brain sections from hamsters perfused with 4%
paraformaldehyde with or without 0.4% glutaraldehyde.
Control studies confirmed antibody specificity in gonad-
intact and castrate males. In the normal adult male, an-
drogen receptor immunocytochemistry reveals intense
staining confined to the cell nucleus. Castration caused a
gradual increase in cytoplasmic labelling within 2 weeks,
accompanied by a reduction in nuclear staining intensity
in androgen receptor-containing neurons throughout the
brain. Cytoplasmic androgen receptor staining was elimi-
nated after treatment of orchidectomized males for only 8
h with exogenous testosterone. Likewise, long-term ex-
posure to testosterone and dihydrotestosterone, a nonaro-
matizable androgen, maintained nuclear androgen recep-
tor immunoreactivity. However, exposure to low phys-

iologic concentrations of estrogen was not effective in
this regard. In addition, we determined that nuclear an-
drogen receptor immunoreactivity decreases in response
to inhibitory short-day photoperiod, but without an in-
crease in cytoplasmic immunostaining. This appears to
be due to the decrease in androgen production by the
testis, rather than a direct photoperiodic effect, because
testosterone supplementation to short-day males re-
stored the intensity of nuclear androgen receptor immuno-
reactivity to levels comparable to those in the intact
male. These findings are compatible with a new model
for the intracellular localization of androgen receptors, in
which a subset of unoccupied receptors is located in the
cell cytoplasm in the absence of ligand. They further dem-
onstrate the repartitioning of such cytoplasmic recep-
tors, thereby confirming and extending previous observa-
tions using biochemical techniques on the regulation of
neuronal androgen receptors. © 1993 John Wiley & Sons, Inc.
Keywords: castration, steroid replacement, androgen re-
ceptors, intracellular partitioning.

INTRODUCTION

Many aspects of behavior and neuroendocrine
function are influenced by gonadal steroids, and
the central nervous system is a major target for ste-
roid hormones secreted by the gonads. In the male
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Syrian hamster, testicular androgens inhibit the se-
cretion of pituitary gonadotropins (Tamarkin,
Hutchison, and Goldman, 1976; Turek, 1977), yet
are essential for maintaining sexual behavior
(Morin and Zucker, 1978). Loss of circulating ste-
roids via castration increases pulsatile release of pi-
tuitary gonadotropins (Swann and Turek, 1988),
and eliminates mating (Morin and Zucker, 1978).
These effects on sexual behavior and neuroendo-
crine function are presumably mediated by the
binding of androgens to specific receptors in the
central nervous system. Studies using autoradiogra-
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phy and immunocytochemistry have described the
location of brain androgen receptors in males of
many species (Sachs and Meisel, 1988), including
the Syrian hamster ( Doherty and Sheridan, 1981;
Wood et al., 1992; Wood and Newman, 1993). In
the hamster, androgen receptors are widely distrib-
uted in brain nucleil implicated in the control of
reproductive behavior and neuroendocrine func-
tion, particularly the lateral septum (LSv), bed nu-
cleus of the stria terminalis (BNST), preoptic area,
amygdala, and hypothalamus.

In these regions in the gonad-intact male, an-
drogen receptor immunoreactivity, like that of
other steroid receptors, is concentrated in the cell
nucleus (Wood and Newman, 1993). Until re-
cently it was thought that all unbound receptors
were also confined to the nucleus, based upon histo-
logic and biochemical studies of the estrogen recep-
tor by King and Greene ( 1984 ) and Welshons, Lie-
berman, and Gorski (1984). However, within the
last few years, several reports have described cyto-
plasmic staining for estrogen (Blaustein and Tur-
cotte, 1989; Fox et al., 1991; Tobet et al., 1991;
Blaustein, 1992; Blaustein et al., 1992), progester-
one (Blaustein et al., 1992), and glucocorticoid re-
ceptors (Ahima and Harlan, 1991). Although the
cell nucleus is still believed to contain the majority
of bound and unbound steroid receptors, these
studies demonstrated immunoreactivity in axons
and dendrites of steroid receptor-containing neu-
rons in the absence of ligand.

The intracellular localization of the androgen
receptor has not previously been examined in de-
tail. Furthermore, it is not known if steroids can
regulate the partitioning of this receptor between
the cell nucleus and cytoplasm. Therefore, in the
present study, immunocytochemistry was used to
observe the intracellular localization of androgen
receptors in the brains of gonad-intact and cas-
trated male Syrian hamsters. To determine if go-
nadal steroids regulate partitioning of the androgen
receptor within cells, we examined the effect of
acute and chronic replacement with testosterone
or its principal metabolites on intracellular andro-
gen receptor immunoreactivity. In addition, we de-
termined the effect of exposure to inhibitory pho-
toperiod on the location of androgen receptor
staining within cells. The present study confirms
the nucleus as the dominant site of androgen re-
ceptor staining in the gonad-intact male, and re-
ports the existence of cytoplasmic immunoreactiv-
ity in the absence of the gonads. Our results indi-
cate that the partitioning of androgen receptors
changes in response to gonadal steroids.

MATERIALS AND METHODS

General Methods

Adult male hamsters ( Mesocricetus auratus) weighing
between 90 and 112 g were purchased from Charles
River Laboratories. They were housed in groups of three
to six per cage under a long-day photoperiod ( 14 h light/
day), except where indicated. Food and water were pro-
vided ad libitum.

Castration and Steroid Replacement

To determine the effects of orchidectomy and steroid
replacement on the intracellular localization of andro-
gen receptor immunoreactivity, we castrated males that
were anesthetized with sodium pentobarbital anesthesia
(65 mg/kg) via a midline scrotal incision. Because cyto-
plasmic androgen receptor immunoreactivity develops
slowly after castration, males used in control studies to
verify the specificity of cytoplasmic immunostaining
were perfused 2 weeks after orchidectomy. Additional
males were perfused 1 or 4 days or 2 or 4 weeks after
castration (#n = 3 each) to monitor the time course of the
appearance of cytoplasmic androgen receptor immuno-
reactivity. To examine the acute effects of testosterone
on the translocation of cytoplasmic androgen receptors
to the cell nucleus, we castrated three males 2 weeks
prior to perfusion; 8 h before perfusion each received a
Silastic capsule, s.c., (i.d.: 1.98 mm; 0.d.: 3.18 mm; Dow
Corning, MI) containing 10 mm of crystalline testoster-
one. Before implantation, capsules were cleaned in alco-
hol and preincubated in water overnight to prevent a
peak in postimplantation steroid release (Karsch et al.,
1973). We chose 8 h of androgen treatment because this
time period induces maximal occupancy of nuclear an-
drogen receptors in castrated male rats (Krey and
McGinnis, 1990). In the remaining castrate males, ste-
roids were replaced chronically by means of a Silastic
implant inserted s.c. immediately after castration; these
males were perfused 1 week later. Capsules were packed
with 10 mm of testosterone (n = 3), 5 mm of dihydrotes-
tosterone, a nonaromatizable androgen (n = 3), or 2
mm of estradiol-178 (n = 3). These implants maintain
physiologic levels of circulating gonadal steroids suffi-
cient to cause negative feedback suppression of gonado-
tropin secretion under inhibitory photoperiods (Ellis
and Turek, 1980). Additional males remained gonad-in-
tact to serve as controls.

Photoperiod Treatment

Finally, we determined the effects of inhibitory short
days and androgen treatment on the intraceliular distri-
bution of androgen receptors. Five gonad-intact males
were exposed to a short-day photoperiod (10:14 h, light/
dark). Body weight and testicular index [(mm length
X mm width/g BW) X 10] were determined weekly.



After 10 weeks, when testis index reached a nadir, two
males were implanted s.c. with a 10-mm Silastic capsule
containing testosterone. The three remaining males re-
ceived no further treatment. All were perfused 1 week
later; the testes were weighed, and the brains were pro-
cessed for immunohistochemistry.

Perfusion

Hamsters were deeply anesthetized with sodium pento-
barbital (130 mg/kg), and perfused through the aorta
with 150 ml of 0.1 M sodium phosphate-buffered saline
containing 0.1% sodium nitrite for vasodilation. This
was followed by 250 ml of 0.1 M sodium phosphate
buffer (PB) containing 4% paraformaldehyde. To deter-
mine if the type of fixative influences the intracellular
localization of the androgen receptor, we perfused an
additional two intact and two castrate males with 4%
paraformaldehyde containing 0.4% glutaraldehyde.
Brains were removed and post-fixed in the perfusion fix-
ative for 1 h at room temperature and then cryoprotected
overnight in PB with 20% sucrose at 4°C. Coronal brain
sections (40-50 pm) were cut on a freezing microtome
or vibratome, and collected into PB with 0.1% sodium
azide as a preservative. Sections were stored at 4°C until
processed for immunocytochemistry.

Antiserum to Androgen Receptor

To visualize androgen receptors, we used a polyclonal
rabbit antibody (gift of Dr. Gail S. Prins, University of
Iinois-Chicago) directed against a synthetic peptide
corresponding to the first 21 amino acids of the rat an-
drogen receptor (Chang, Kokontis, and Liao, 1988; Lu-
bahn et al., 1988). Details of the isolation and character-
ization of antibody PG-21 are described in Prins, Birch,
and Greene (1991). PG-21 has been validated previ-
ously for the study of androgen receptors in the brain of
the gonad-intact male Syrian hamster ( Wood and New-
man, 1993). To determine the specificity of androgen
receptor immunostaining in the presence and absence of
androgen, we performed control studies on tissues from
castrate and gonad-intact males including omission of
the primary antiserum, blocking immunostaining with
the antigenic peptide, and preincubation with a peptide
corresponding to a distant region of the androgen re-
ceptor.

Immunocytochemistry

Free-floating sections were washed three times for 5 min
in PB, and incubated in primary antiserum (0.5 ug/ml
in PB with 0.3% Triton X-100 and 4% normal donkey
serum) for 48 h at 4°C. The sections were washed, and
transferred to a biotinylated secondary antibody (don-
key anti-rabbit IgG, 1:200; Jackson Immunoresearch
Labs) for 1 h at room temperature. Sections were again
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rinsed, then incubated for 1 h in the avidin-biotin horse-
radish peroxidase (HRP) complex (Vectastain ABC
Elite kit, Vector Laboratories). HRP was visualized us-
ing nickel chloride-enhanced 3,3'diaminobenzidine
(DAB) as the chromagen. Although androgen receptor
staining in gonad-intact males developed after only 6
min of exposure to DAB, lengthy DAB incubation (20-
60 min) was necessary to visualize androgen receptors in
castrated males (see Results for the effects of different
DAB exposures on immunostaining in intact and cas-
trate males). Sections were mounted onto gel-subbed
slides, dehydrated in alcohols and xylenes, and cover-
slipped with Permount.

RESULTS

In this study, the brains of gonad-intact and cas-
trate males in the presence and absence of exoge-
nous steroids were examined for nuclear and cyto-
plasmic androgen receptor immunostaining. Con-
trol studies provided evidence that the appearance
of cytoplasmic staining in the castrate male does
not represent artifactual staining due to tissue pro-
cessing or postmortem translocation of nuclear re-
ceptors. As described below, we determined that
the length of DAB incubation did not influence the
location of nuclear versus cytoplasmic staining,
confirmed antibody specificity in tissues from cas-
trate males, and determined that the type of fixa-
tive used did not affect cytoplasmic immunoreac-
tivity. Furthermore, the results of hormonal manip-
ulations on androgen receptor partitioning
provided evidence of specific steroidal regulation
of receptor localization within the cell.

Interestingly, as reported previously for the es-
trogen receptor (Blaustein and Turcotte, 1989),
the extent of cytoplasmic androgen receptor label-
ling from castrate males varied in different regions
of the limbic system. In ventral premammillary
nucleus (PMV), the majority of androgen recep-
tor-positive neurons clearly displayed cytoplasmic
staining. This appearance was also characteristic of
the ventrolateral septum and paraventricular nu-
cleus (PVN). However, in other regions, such as
the ventromedial nucleus of the hypothalamus
{VMH), bed nucleus of the stria terminalis, and
medial preoptic nucleus (MPN), labelling of cellu-
lar processes was evident in many, but not all, an-
drogen receptor-containing neurons. Finally, in
the medial amygdaloid nucleus (Me), cytoplasmic
staining was found only in a subset of labelled neu-
rons. Examples of cytoplasmic androgen receptor
staining in PMV, LSv, PVN, and MPN are shown
in Figures 1-8.
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Figure 1 Photomicrographs of androgen receptor im-
munoreactivity in the ventral premammillary nucleus
(PMV) from gonad-intact (A, B) and orchidectomized
male hamsters (C, D). Brain sections were exposed to
diaminobenzidine for 6 (A, C) or 60 min (B, D). Scale
bar = 50 um.

Duration of DAB Incubation

To visualize androgen receptor immunoreactivity
in brains of castrate males, a modification of our
standard immunohistochemical staining protocol
was necessary. In the gonad-intact male, incu-
bation in DAB for 6 min was sufficient to visu-
alize androgen receptor-containing neurons [Fig.
1{A)]. Under these conditions, immunoreactivity
in the cell nucleus was robust, with low back-
ground staining in other regions of the brain (i.e.,
cerebral cortex, fiber tracts). In contrast to the in-
tact male, exposure to DAB for 6 min was inade-
quate to demonstrate androgen receptor immuno-
reactivity in brains of castrate male hamsters. Such
sections appeared to lack androgen receptors alto-
gether [Fig. 1(C)], an observation similar to that
reported by Menard and Harlan (1992). Only
when sections were exposed to DAB for 1 h [Fig.
1(D)] were androgen receptors evident in brains of
castrate males. In these tissues, the receptors were
reliably observed in the cytoplasm as well as in the

cell nucleus. In contrast, prolonged incubation in
DAB did not reveal cytoplasmic localization of the
receptor protein in brains of intact males [Fig.
1(B)], although longer exposure to the chromagen
did increase nonspecific background staining in
the neuropil.

Specificity of Immunostaining in Intact
and Castrate Males

To establish the specificity of androgen receptor
immunostaining in tissues from both intact and
castrate males, we conducted control studies. Fig-
ure 2(A) illustrates androgen receptor immunore-
activity in the paraventricular nucleus of the hypo-
thalamus of a representative gonad-intact male
hamster; Figure 3(A) presents immunostaining in
the PVN from a castrated male. In both the pres-
ence and absence of androgens, omission of pri-
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Figure 2 (A) Photomicrograph of androgen receptor-
immunoreactive neurons in the paraventricular nucleus
of a representative gonad-intact male hamster. Omission
of the primary antiserum prevented immunostaining
(B), as did preincubation with a 10 M excess of the pep-
tide antigen (C). However, preincubation of the primary
antiserum with a synthetic peptide corresponding to
amino acids 468-482 did not eliminate immunostaining
(D). Scale bar = 50 pym.



mary antiserum eliminated staining [Figs. 2(B),
3(B)], as did preincubation with a 10X molar ex-
cess of the peptide antigen [Figs. 2(C), 3(C)].
However, because the antibody is directed against
only a fragment of the native receptor, preincuba-
tion of the primary antiserum with a synthetic pep-
tide corresponding to a distant portion of the an-
drogen receptor did not block immunostaining
[Figs. 2(D), 3(D)].

Effects of Fixation on Androgen Receptor
Immunoreactivity

As demonstrated in Figures 1-3, perfusion with 4%
paraformaldehyde, a common fixative for routine
light microscopic immunocytochemistry, reveals
androgen receptors in the cell nucleus of the intact
male, as well as additional cytoplasmic receptor im-
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Figure 3 (A) Photomicrograph of androgen receptor-
immunoreactive neurons in the paraventricular nucleus
of a representative male hamster 2 weeks after orchidec-
tomy. Omission of the primary antiserum prevented im-
munostaining (B), as did preincubation with a 10 M
excess of the peptide antigen (C). However, preincuba-
tion of the primary antiserum with a synthetic peptide
corresponding to amino acids 468482 did not eliminate
immunostaining (D). Scale bar = 50 ym.
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Figure 4 Photomicrographs comparing androgen re-
ceptor immunoreactivity in the medial preoptic nucleus
(MPN) of gonad-intact (A, C) and orchidectomized
male hamsters (B, D) perfused with 4% paraformalde-
hyde (A, B), or 4% paraformaldehyde containing 0.4%
glutaraldehyde (C, D). Cytoplasmic androgen receptor
immunoreactivity was evident in castrate males using
either paraformaldehyde or glutaraldehyde fixative.
Scale bar = 50 ym.

munoreactivity in castrate males. This is also
shown in Figure 4( A,B) where the diffuse cytoplas-
mic staining in the processes of cells in the medial
preoptic nucleus is clearly seen. However, because
the cross-linking of proteins may be reversible at
paraformaldehyde concentrations less than 5%
(Baschong, Baschong-Prescianotto, and Kellen-
berger, 1983), we investigated the effects of 4%
paraformaldehyde in combination with 0.4% glu-
taraldehyde on the intracellular localization of the
androgen receptor. Glutaraldehyde fixation is con-
sidered irreversible (Baschong et al., 1983). As
with paraformaldehyde alone, brains from gonad-
intact animals fixed with glutaraldehyde demon-
strated nuclear immunoreactivity in the presence
of androgen, but cytoplasmic staining was consis-
tently observed in brains of castrate males [Fig.
4(C,D)]. Similar findings were obtained in males
perfused with Bouin’s fixative (data not shown).
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Figure 5 Photomicrographs of androgen receptor im-
munoreactivity in the ventral premammillary nucleus
(PMV) of a representative gonad-intact male hamster at
low (A) and high magnification (B), and in PMV of
males castrated for 1 day (C), 4 days (D), 2 weeks (E),
and 4 weeks (F). Scale bars = 100 um (A), 50 um (B-F).

Time Course of Cytoplasmic Staining
after Castration

From 1| day to 4 weeks after castration, we ob-
served a gradual increase in cytoplasmic androgen
receptor immunoreactivity in adult male hamsters,
accompanied by loss of dark nuclear staining. This
effect was seen in androgen receptor-containing
neurons throughout the brain in areas that contain
large numbers of androgen-responsive cells. Figure
5 compares androgen receptor-containing neurons
in the ventral premammillary nucleus of the hypo-
thalamus of a gonad-intact male [Fig. 5(A.,B)]
with those of males castrated for 1 day [Fig. S(C)],

4 days [Fig. 5(D)], 2 weeks [Fig. 5(E)], and 4
weeks [Fig. 5(F)]. Androgen receptor immunore-
activity in intact males was visible as intense label-
ling confined to the cell nucleus. Effects of castra-
tion were visible after only 1 day. In the first few
days after castration, staining was predominantly
nuclear, although some labelling of cytoplasmic
processes was evident. The increase in cytoplasmic
labelling was accompanied by a reduction in nu-
clear staining intensity. Maximal cytoplasmic
staining developed within 2 weeks. At 2 and 4
weeks after castration, labelling filled the soma and
extended into dendrites. This effect was main-
tained for at least 12 weeks after orchidectomy
(data not shown).

Effects of Acute Testosterone
Replacement

Figure 6 compares the intracellular partitioning of
androgen receptor immunoreactivity in MPN of a
gonad-intact male [Fig. 6(A,B)], a male castrated

a -

B - -
-

o= LR

0 - -

e St
S _!.’. -
- - '.
»
- :-. .... 1
‘o..., [ J
— - - S——
Go 9" DLy 1™ ES
| _;._“rb_ . <
- pie
F ‘ '
- ¥
- » :‘ ’ o‘l
) o f “,
- / .
SHp i N
T Y, W 1
a3 7 o7 aa

Figure 6 Photomicrographs of androgen receptor im-
munoreactivity in the medial preoptic nucleus of a repre-
sentative gonad-intact male hamster at low (A ) and high
(B) magnification, and of males 2 weeks after castration
(C, D). In the continued absence of gonadal steroids
(C), androgen receptor immunoreactivity is clearly evi-
dent in the cytoplasm. However, labelling is confined to
the cell nucleus within 8 h of treatment with exogenous
testosterone (D). Scale bars = 100 um (A ), 25 um (B-D).
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Figure 7 Photomicrographs of androgen receptor im-
munoreactivity in the medial preoptic nucleus of a repre-
sentative gonad-intact male hamster (A), and of orchi-
dectomized males replaced with physiologic levels of go-
nadal steroids (B-D). Males received Silastic capsules of
testosterone (B), dihydrotestosterone (C), or estradiol
(D). Scale bar = 25 um.

for 2 weeks [Fig. 6 (C)], and in a 2-week castrate 8
hours after testosterone replacement [Fig. 6(D)].
As described above for PMV, androgen receptor
staining was confined to the cell nuclei in gonad-
intact males. At 2 weeks after castration, cytoplas-
mic androgen receptors were evident in neurons of
MPN. However, within 8 hours after testosterone
treatment, staining was again confined to the cell
nucleus, in a manner similar to that of the intact
male.

Effects of Chronic Steroid Replacement

The effects of chronic steroid replacement on nu-
clear versus cytoplasmic androgen receptor label-
ling in the MPN are presented in Figure 7. When
testosterone was replaced at physiologic levels by
means of a Silastic implant in orchidectomized
males, androgen receptor immunoreactivity was
confined to the cell nucleus 1 week later [Fig.
7(B)]. Staining did not appear different from that
of gonad-intact males [Fig. 7(A)]. DHT, the prin-
ciple androgenic metabolite of testosterone, also
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maintained the nuclear localization of the andro-
gen receptor {Fig. 7(C)]. However, estrogen re-
placement was ineffective in this regard [Fig.
7(D)]. Although cytoplasmic staining in cas-
trated, estradiol-treated males was less pronounced
than that following castration without steroid re-
placement, labelled processes were clearly evident
in MPN and elsewhere in the limbic system.

Effects of Short-Day Photoperiod and
Supplemental Testosterone

Figure 8 presents photomicrographs of androgen
receptor immunoreactivity in LSv from gonad-in-
tact males under long and short photoperiods, and
from short-day males receiving supplemental an-
drogen via testosterone implant. After 10 weeks of
exposure to short daylengths, paired testis weight
averaged 0.76 + 0.3 g (mean + S.E.M.), one-third
that of males exposed to long days (2.4 + 0.2 g, p
< 0.05). This testicular atrophy was accompanied
by a marked reduction in androgen receptor immu-
noreactivity in the brain. Very few androgen recep-
tor-containing neurons were presentin LSv, or else-
where in the brain, and immunoreactivity was
faint [Fig. 8(C)]. However, unlike the appearance
of neurons after orchidectomy, androgen receptor
immunoreactivity in males exposed to short-day
photoperiod did not extend into the cytoplasm, but
was visualized exclusively in the cell nucleus [Fig.
8(D)]. To evaluate whether the loss of nuclear an-
drogen receptor immunoreactivity was a direct ef-
fect of inhibitory photoperiod on the brain or a
secondary response to the loss of circulating andro-
gens, two of the five short-day-treated males re-
ceived supplemental testosterone. In these ham-
sters | week later, androgen receptor staining in the
cell nucleus was robust [Fig. 8(F)], and large num-
bers of androgen receptor immunoreactive neu-
rons were visible in LSv [Fig. 8(E)] and through-
out the brain.

DISCUSSION

The present study describes the effects of castration
and steroid replacement on the intracellular local-
ization of the androgen receptor in the brain of the
male Syrian hamster. The androgen receptor pro-
tein is visualized exclusively in the neuronal cell
nucleus in the gonad-intact male. Castration
causes a gradual increase in cytoplasmic labelling
that is maximal within 2 weeks, accompanied by a
reduction in nuclear staining intensity. Although
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Figure 8 Photomicrographs of androgen receptor im-
munoreactivity in the lateral septum of a representative
male hamster under long-day photoperiod at low (A)
and high (B) magnification, and of males exposed to
short daylengths for 10 weeks (C-F). Males exposed to
inhibitory photoperiod remained untreated (C, D), or
received supplemental testosterone via Silastic implant
(E, F). Scale bars = 100 um (A, C, E), 25 um (B, D, F).

this cytoplasmic immunoreactivity in the castrated
male is rapidly reversed by exogenous testosterone
or long-term exposure to DHT, a nonaromatizable
androgen, estrogen replacement at physiologic lev-
els does not maintain the nuclear localization of
the androgen receptor. Exposure to inhibitory
short-day photoperiod also decreases androgen re-
ceptor immunoreactivity in the cell nucleus. How-
ever, unlike the effects of castration, loss of nuclear
androgen receptor immunoreactivity in brains of
short-day-treated males is not accompanied by in-
creased cytoplasmic staining. This effect of short
photoperiod appears to be due to the decrease in

androgen production by the testis, rather than a
direct photoperiodic effect on androgen receptor-
containing neurons, because testosterone supple-
mentation to short-day males restores nuclear an-
drogen receptor immunoreactivity. These findings
using immunocytochemistry confirm and extend
previous observations on the intracellular parti-
tioning of steroid receptors in the brain.

We have recently described the location of an-
drogen receptor immunoreactive neurons in se-
lected brain nuclei from gonad-intact male ham-
sters using the PG-21 antibody (Wood and New-
man, 1993). In both that earlier study and this
present investigation, androgen receptor-contain-
ing neurons were found in the same regions as re-
ported for the hamster brain using autoradiogra-
phy for tritiated testosterone (Wood et al., 1992) or
dihydrotestosterone (Doherty and Sheridan, 1981;
Wood et al., 1992). Androgen receptor-containing
neurons are especially numerous in the lateral sep-
tum, bed nucleus of the stria terminalis, medial
preoptic area, ventral premammillary nucleus, me-
dial amygdaloid nucleus, and in the ventromedial
and arcuate nuclei of the hypothalamus. As deter-
mined in the present study, castration does not ap-
pear to influence the location of androgen recep-
tor-positive neurons. Recent studies with similar
androgen receptor antibodies have described the
distribution of androgen receptor-containing neu-
rons in the brain of the rat (Sar et al., 1990; Clancy,
Bonsall, and Michael, 1992), monkey (Clancy et
al., 1992), and quail (Balthazart et al., 1992). Al-
though the pattern of androgen receptor immuno-
reactivity and the number of immunoreactive neu-
rons we have described previously in the hamster
brain (Wood and Newman, 1993) agrees well with
that reported for other mammals, the intracellular
location of receptors for steroid hormones has be-
come controversial in recent years.

Originally, based upon biochemical studies in-
volving the extraction of nuclear and cytoplasmic
fractions, a “two-step” model of steroid receptor
action was proposed wherein the free receptors
were present in the cell cytoplasm and were trans-
located into the nucleus upon steroid binding
(Gorski et al., 1968). However, this view was re-
vised based upon the studies of King and Greene
(1984) and Welshons et al. (1984) demonstrating
that the majority of both bound and unbound es-
trogen receptors were present within the cell nu-
cleus. Since those observations, many studies have
confirmed the predominantly nuclear localization
of progesterone (Gasc, Delahay, and Baulieu,
1989), estrogen (Liposits et al., 1990), glucocorti-



coid (Brink et al., 1992), and androgen receptors
(Tan et al., 1988; Husman et al., 1990; Sar et al.,
1990). According to this model, it is thought that
binding of the receptor to its ligand induces a tight
association of the hormone receptor complex with
nuclear chromatin, whereas unbound receptors are
more readily displaced from the cell nucleus
(Gorski et al., 1986). Thus, the abundant steroid
receptors measured in preparations of cell cytosol
have been considered an artifact of cell fraction-
ation.

More recently the question of cytoplasmic ste-
roid receptors has been revisited, and a new model
of receptor localization is emerging. Blaustein and
Turcotte reported in 1989 the presence of cytoplas-
mic receptors for estrogen in the female guinea pig
brain. This has been subsequently confirmed for
the estrogen receptor in a variety of species (Fox et
al., 1991; Tobet et al.,, 1991; Blaustein, 1992;
Blaustein et al., 1992) at the light and electron mi-
croscopic levels, and for the progesterone and glu-
cocorticoid receptors as well (Blaustein et al.,
1992; Ahima and Harlan, 1991). Unlike the origi-
nal “two-step” model, these recent observations
confirm the cell nucleus as the primary site of ste-
roid receptors. Nonetheless, using highly sensitive
staining techniques, immunoreactivity can be dem-
onstrated not only in the cell soma, but in den-
drites and axonal processes of steroid receptor-con-
taining neurons (Blaustein and Turcotte, 1989;
Blaustein et al., 1992; Blaustein, 1992).

Previous studies of androgen receptor immuno-
reactivity have reported no evidence of cytoplas-
mic immunoreactivity (Tan et al., 1988; Husman
et al., 1990; Sar et al., 1990), or very limited cyto-
plasmic staining ( Balthazart et al., 1992; Clancy et
al.,, 1992). The present study demonstrates that,
like the other major classes of steroid hormone re-
ceptors, androgen receptors are detectable in the
cell cytoplasm in the absence of ligand, and that
androgens themselves may regulate the partition-
ing of free receptors between the two cellular com-
partments. However, the present findings are com-
patible with the concept that the majority of andro-
gen receptors remain in the nucleus. Because
cytoplasmic androgen receptor immunoreactivity
is faint compared with that in the nucleus, earlier
studies reporting an exclusively nuclear localiza-
tion of androgen receptors may have employed rel-
atively less sensitive techniques or potentially disre-
garded light cytoplasmic immunostaining. Addi-
tionally, the length of time after castration may
play some role; cytoplasmic androgen receptor im-
munoreactivity appears to develop over several
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days following orchidectomy. As in the present
study, previous studies have reported decreased
nuclear androgen receptor immunoreactivity in
tissues from castrate males (Husman et al., 1990;
Sar et al., 1990). Indeed, a report from Menard
and Harlan (1992) using the same antibody re-
ported no evidence of androgen receptor immuno-
reactivity in the castrated male rat. We suggest that
the decreased immunoreactivity in the castrate
compared to the gonad-intact male may result
from a combination of receptor dilution in the
larger cytoplasmic compartment and loss of pro-
tein due to destabilization of the receptor in the
absence of ligand (Blok et al., 1991).

It has been argued that cytoplasmic immuno-
staining of steroid receptors is due to passive diffu-
sion of unbound receptors from the cell nucleus
during tissue processing { Brink et al., 1992). Al-
though the efflux of free nuclear receptors into the
cytoplasm is an energy-independent process
(Guiochon-Manteletal., 1991), and has been dem-
onstrated for the glucocorticoid receptor in unfixed
tissue sections prior to immunostaining (Gasc et
al., 1989), several factors refute such artifactual
leakage in the present study. First, we used perfu-
sion fixation, rather than postmortem immersion,
to rapidly immobilize neuronal proteins. Cytoplas-
mic immunoreactivity was retained even when the
brains were fixed with 0.4% glutaraldehyde, an irre-
versible fixative (Baschong et al.,, 1983), and
stained in the absence of detergent. Furthermore,
we observed androgen receptor immunoreactivity
filling neuronal processes at a considerable dis-
tance from the cell nucleus, whereas passive diffu-
sion would be more likely to result in a perinuclear
“halo” of cytoplasmic staining. Finally, cytoplas-
mic staining in neurons of castrated males can be
blocked under the same conditions that eliminate
nuclear immunoreactivity in the gonad-intact
male. The antibody used in the present study is
directed against the first 21 amino acids of the an-
drogen receptor, a part of the A/B region of the
protein (Janne and Shan, 1990). Although the ex-
act function of this portion of the receptor is not
known, it shows the most variability among
members of the steroid receptor superfamily, and
hence, is highly immunogenic (Janne and Shan,
1990). Results of control experiments in the pres-
ent study support the conclusion that the PG-21
antibody is specific for the N-terminal region of the
androgen receptor in the presence and absence of
ligand. This indicates that the cytoplasmic immu-
noreactivity in the castrate male is not due to non-
specific staining during prolonged DAB exposure.
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Together, these observations suggest that androgen
receptors are normally present, albeit in small
quantities, in the neuronal cell cytoplasm in the
absence of androgen.

The present study extends our understanding of
cytoplasmic steroid receptors by demonstrating the
physiologic regulation of intracellular receptor par-
titioning. Our data suggest that androgens them-
selves determine the partitioning of their receptors
between the site of receptor synthesis in the cyto-
plasm, and the site of androgen action in the nu-
cleus. It is has been previously shown that estrogen
treatment of ovariectomized female guinea pigs
eliminates cytoplasmic estrogen receptor immuno-
reactivity (Blaustein and Turcotte, 1989). We
have now determined the time course of autolo-
gous regulation of intracellular androgen receptor
partitioning, as well as the effects of exposure to
different steroids and inhibitory photoperiods.

Our findings complement those of studies using
biochemical techniques to separate bound and free
androgen receptors in nuclear and cytoplasmic
fractions from neural tissue ( Roselli, Handa, and
Resko, 1989). Changes described in these biochem-
ical studies in the relative numbers of bound and
unbound androgen receptors following steroid ma-
nipulations mirror the changes we have described
for intracellular receptor localization. In the intact
male, a greater proportion of androgen receptors
are present in nuclear extracts (Roselli, 1991), pre-
sumably reflecting enhanced receptor binding due
to high levels of endogenous androgens in circula-
tion. This is consistent with the nuclear localiza-
tion of the androgen receptor using immunocyto-
chemistry. At 1 week after removal of steroids,
there is a decrease in the number of nuclear recep-
tors, accompanied by increasing levels of free re-
ceptor in the cytoplasm (Roselli, 1991). This
corresponds to the gradual increase in cytoplasmic
immunoreactivity in our hamsters after castration.
In addition, androgen receptor protein in cultured
cells is unstable in the absence of androgen (Syms
et al., 1985; Grino, Griffin, and Wilson, 1990),
thereby leading to a decrease in the total number of
receptors in the castrated male (Fiorelli et al.,
1989). These results support our observation that
the intensity of androgen receptor immunoreactiv-
ity is much less in the absence of steroids, than it is
in the intact or androgen-treated male.

In contrast to the gradual appearance of andro-
gen receptor in the cytoplasm after castration, an-
drogen treatment restores receptors to the nucleus
within hours. In our study, 8 h after testosterone
treatment, androgen receptor immunoreactivity

did not appear different from that of intact males.
This finding is consistent with results obtained us-
ing a nuclear receptor exchange assay in the rat
(Krey and McGinnis, 1990) and guinea pig
(Toyooka et al., 1991). In the rat, nuclear andro-
gen receptor occupancy was half-maximal after 30
min of exposure to testosterone, and reached peak
levels within 8 h (Krey and McGinnis, 1990). The
initial increase in occupied nuclear receptors pre-
sumably reflects binding of existing receptors,
whereas maximal androgen receptor binding is
thought to include de novo synthesis of additional
receptors (Handa, Stadelman, and Resko, 1987).
Such newly synthesized receptors could account
for the increased intensity of nuclear staining fol-
lowing acute testosterone treatment.

The reduction in nuclear androgen receptor im-
munoreactivity that we observed in the absence of
steroids is a physiologic response, as evidenced by
the loss of immunoreactive neurons and lower
staining intensity in males exposed to inhibitory
short-day photoperiod. It has been long known
that exposure to short days suppresses the activity
of the reproductive neuroendocrine axis in the
male hamster, thereby leading to testicular regres-
sion (Bartke, 1985). Involution of the testes is as-
sociated with reduced secretion of pituitary gonado-
tropins, and hence, gonadal steroids (Bartke,
1985). Previous studies using biochemical method-
ologies examined the effects of inhibitory photo-
periods on androgen receptors in the brain. Ac-
cording to their findings, short-day photoperiods
decrease nuclear androgen receptor occupancy
(Bittman and Krey, 1988). This is consistent with
the results of the present study, in which we ob-
served reduced nuclear immunoreactivity in males
exposed to short days for 10 weeks. Two explana-
tions could account for these findings: either this is
a direct, neurally mediated effect of the inhibitory
photoperiod on androgen receptors, or the changes
observed are secondary to low serum testosterone
concentrations induced by short daylengths. Our
observation that androgen receptor immunoreac-
tivity is dramatically increased in short-day males
with supplemental testosterone supports the latter
interpretation, in agreement with Bittman and
Krey (1988), who restored nuclear androgen re-
ceptor occupancy to intact levels in short-day
males treated with physiologic concentrations of
testosterone. Furthermore, these results suggest
that the loss of androgen receptors in response to
short days cannot account for the photoperiodic
suppression of gonadotropin secretion, as has been
proposed previously (Stankov et al., 1989).



Nonetheless, it was somewhat surprising to us
that the loss of nuclear androgen receptor immuno-
reactivity in short-day males was not accompanied
by increased cytoplasmic staining since biochemi-
cal measurements have indicated an increase in the
number and affinity of cytoplasmic androgen re-
ceptors in short-day males (Stankov et al., 1989).
Our findings of decreased immunoreactivity but
persistent nuclear localization may be a result of
the continued low-level secretion of androgen dur-
ing photoperiodic inhibition. This low-level testos-
terone production under short daylengths is cer-
tainly physiologically meaningful; although con-
centrations in the photosuppressed male are
inadequate for the expression of mating behavior,
very low secretion of androgens does inhibit gonad-
otropin secretion because sensitivity of the repro-
ductive neuroendocrine axis to testosterone feed-
back actually increases under inhibitory photope-
riod (Bartke, 1985). Thus, the results of the
present study provide the first anatomical evidence
to support the concept that photoperiodic inhibi-
tion of reproduction is not equivalent to castration.

The repartitioning of unoccupied androgen re-
ceptors is not restricted to testosterone. Both tes-
tosterone and DHT maintained nuclear androgen
receptor immunoreactivity in the castrate male,
consistent with previous reports in the rat (Handa,
Reid, and Resko, 1986; Krey and McGinnis, 1990;
Roselli, 1991) and guinea pig (Toyooka et al.,
1991) that exogenous androgens increase nuclear
receptors and decrease those in the cytoplasm. This
suggests that nonsteroidal testicular hormones
(i.e., inhibin, activin) do not play a significant role
in the regulation of androgen receptor partitioning.
In contrast to the effects of androgens, the role of
estrogen in the intracellular localization of the an-
drogen receptor remains unclear. In the present
study, low physiologic levels of estradiol did not
maintain nuclear androgen receptor immunoreac-
tivity. This observation suggests that estrogen fails
to influence the androgen receptor at physiologic
concentrations, a finding supported by biochemi-
cal studies in the guinea pig (Toyookaetal., 1991).
However, because estrogen does bind to the andro-
gen receptor, albeit with considerably lower affin-
ity (Chamness, King, and Sheridan, 1979), higher
doses of estradiol may affect the partitioning of the
androgen receptor. This question remains to be in-
vestigated.

The possible influence of estrogen on androgen
receptors is not an academic question. Estrogens
have diverse actions on sexual behavior and neuro-
endocrine function in the male. Both androgens
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and estrogens can inhibit gonadotropin secretion
(Ellis and Turek, 1980) and activate certain ele-
ments of sexual behavior (Powers, Bergondy, and
Matochick, 1985). Furthermore, receptors for an-
drogens and estrogens are found within the same
brain nuclei (Sar and Stumpf, 1973; Sheridan,
1978; Commins and Yahr, 1985; Simerly et al.,
1990; Wood et al., 1992). However, neuroendo-
crine function and sexual behavior are not equally
responsive to estrogen action. Whereas gonadotro-
pin secretion under short-day photoperiod is ex-
quisitely sensitive to estradiol inhibition (Ellis and
Turek, 1980), much higher concentrations of es-
trogens are required to activate mounting behavior
in the castrated male hamster (Powers et al.,
1985). One explanation is that the neuroendocrine
effects of estrogen are mediated through the estro-
gen receptor, while behavioral effects may also in-
clude the binding of estrogen to the androgen re-
ceptor. According to this hypothesis, small
amounts of estrogen in circulation (Handa et al.,
1986) or converted from testosterone via local aro-
matization (Hutchison et al., 1991) activate spe-
cific estrogen receptor-containing neurons within
the neural pathways controlling secretion of
GnRH. This physiologic action of estrogen in the
male is supported by increased secretion of LH and
FSH when endogenous estradiol is blocked ( Bartke
et al., 1978). However, high levels of estrogens
may activate mounting by actions on androgen re-
ceptor-containing neurons. This hypothesis re-
mains to be tested.

The results presented in the present study sug-
gest that androgen receptor repartitioning is not a
mechanism underlying the differences in behav-
ioral and neuroendocrine responses to steroid ma-
nipulation. The transition between nuclear and cy-
toplasmic receptors appears to be regulated in a
similar fashion throughout the brain, in areas con-
taining GnRH neurons (rostral MPN) as well as in
areas controlling sexual behavior (Me, BNST, and
caudal MPN ). However, testosterone has both in-
hibitory effects on gonadotropin secretion, as well
as facilitatory actions on sexual behavior (Bartke,
1985). Furthermore, the time course of the re-
sponse to androgen varies: after castration, gonado-
tropins increase within days (Tamarkin et al.,
1976), whereas ejaculation persists for weeks
(Morin and Zucker, 1978). Because of the diverse
actions of steroids in the brain, the response to an-
drogens cannot be explained merely by the intra-
cellular localization of the steroid receptor. In-
stead, the stimulatory and inhibitory effects of an-
drogens may be determined by the transmitter
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content and connections of steroid-concentrating
neurons.

At the present time, we can only speculate as to
the function of cytoplasmic steroid receptors. It is
intriguing that cytoplasmic immunoreactivity in
castrate males is not observed uniformly in all an-
drogen receptor-positive neurons, but instead is evi-
dent in scattered neurons within any particular
brain region. This uneven distribution, which is
characteristic of estrogen receptors as well (Blau-
stein and Turcotte, 1989), may indicate the pres-
ence of functionally diverse subpopulations of ste-
roid receptor neurons. Alternatively, those neu-
rons with distinct cytoplasmic staining may simply
possess more of the receptor protein. Androgen re-
ceptors in the perinuclear cytoplasm may represent
newly synthesized proteins that have not been
translocated yet to the nucleus, although immuno-
reactivity is also present in axons and other areas
lacking protein synthetic capabilities ( Blaustein et
al., 1992). Finally, it has been proposed that these
receptors may be responsible for the nongenomic
actions of steroids, possibly including regulation of
neurotransmitter release and synapse formation in
the brain (Blaustein, 1992).
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