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The medial preoptic area (MPOA), bed nucleus of the stria terminalis (BNST), and medial amygdaloid nucleus (Me) are essential for male sexual 
behavior in the Syrian hamster. These nuclei received chemosensory stimuli and gonadal steroid signals, both of which are required for mating 
behavior. The objective of this study was to compare the distribution of androgen- and estrogen-concentrating neurons in MPOA, BNST, and Me 
in the adult male hamster using steroid autoradiograpbs for estradiol (E2), testosterone (T) and dihydrotestosterone (DHT). Adult males (n = 4 
per group) received two i.p. injections of tritiated steroid 4-7 days after castration. Six-/~m frozen sections through the brain were mounted onto 
emulsion-coated slides, and exposed for 11-16 months. In MPOA, BNST, and Me, neurons were more abundant and heavily labelled after 
['~H]E2 treatment than after either ['~H]T or [-~H]DHT. Tritiated estrad' -!- and DHT-iabelcd cells were found throughout the rostrocaudal extent 
of Me, with a high concentration in posterodorsal Me. Tritiated testosterone treatment labelled cells largely within posterodorsal Me. In MPOA, 
the majority of E2-, T-, and DHT-labeUed neurons were in the medial preoptic nucleus (MPN) and the preoptic continuation of the 
posteromedial bed nucleus of the stria terminalis (BNSTpm). Few T-labelled cells were present outside these subdivisions. In the BNST, E2- and 
DHT-labelled neurons were present in all subdivisions, whereas T labelling was confined to the antero- and posteromedial subdivisions of BNST. 
These results suggest that the distribution of androgen- and estrogen receptor-containing neurons overlap considerably in nuclei which transmit 
chemosensory signals in the control of mating behavior. 

INTRODUCTION 

Mating in the male Syrian hamster requires 
chemosensory stimuli from the olfactory and 
vomeronasal systems and hormonal input from the 
gonads; copulatory behavior is abolished if either signal 
is interrupted 24'4a. The neural pathways by which olfac- 
tory and vomeronasal signals reach the medial preoptic 
area (MPOA) to control sexual behavior have been 
described in detail (see ref. 32, for review). Mating 
behavior is prevented by bilateral lesions at all levels of 
the pathways from the receptors to the MPOA itself. 
These lesions include deafferentation or removal of the 
main and accessory olfactory bulbs 25'41, lateral olfac- 
tory tract transections s, lesions of the rostral portion 
of the medial amygdaloid nucleus (Me) ~7, combined 
transection of the stria terminalis and the ventral 
amygdalofugal pathway J6, lesions of the bed nucleus of 

the strial terminalis (BNST) 2~, and small lesions in the 
posterior MPOA 2~. 

In addition to th¢~ integrity of these chemosensory 
pathways, gonadal steroid hormones are also essential 
for male copulatory behavior. Mating behavior is pre- 
vented when circulating steroids are reduced in re- 
sponse to short-day photoperiod, or eliminated via 
castration z4. Replacement of testosterone (T) or its 
principle metabolites, estradiol (E2) or dihydrotes- 
tosterone (DHT), restores mating in castrate 
males ~°.2°,27'4°. It is presumed that this behavioral acti- 
vation is dependent upon gonadal steroids acting 
through specific receptors in neurons of the limbic 
system, including olfactory and vomeronasal pathway 
nuclei. 

In the hamster, Krieger et al. ~5, and Doherty and 
Sheridan ~ identified nuclei that contain steroid-accu- 
mulating cells. Those that mediate chemosensory stim- 
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uli and also contain abundant steroid receptors include 
Me, BNST, and MPOA. Whether individual neurons 
that relay chemosensory information also possess 
steroid hormone receptors is not known• Recent stud- 
ies from our laboratory have suggested that specific 
subdivisions within each of these 3 nuclei transmit 
chemosensory information in the control of mating 
behavior ~. However, we lack a similarly detailed un- 
derstanding of the distribution of steroid hormone 
receptors within Me, BNST, and MPOA. In the pres- 
ent study, steroid autoradiography was used to deter- 
mine the location of T-, E2-, and DHT-accumulating 
cells within Me, BNST, and MPOA in relation to the 
pathways mediating chemosensory information• 

MATERIALS AND METHODS 

Anhnals 
Eighteen adult male hamsters (Me~ocricetus auratus)weighing 

90-112 g were purchased from Charles River Laboratories, They 
were housed in groups of 3-6  per cage under a long day photoperiod 
(14 h light/day). Food and water werc. provided ad libitum. Four to 7 
days before use, the males were castrated via a n,id-scrotal incision 
under sodium pent•barbital anesthesia (10 mg/100 g b.w.). 

Hormone Ireatmelll 
On the day of the experiment, males received tritiated steroid in 

5()~ ethanol as two i.p. injections spaced one half hour apart• Two 
hours after the first injection, the animals were deeply anesthetized 
with sodium pent•barbital (15 rag/It}0 g b.w.) and decapitated. The 
brains were removed quickly, frozen onto a cryostal chuck in pow- 
dered dry ice for 5 rain, and then transferred to liquid nitrogen 
( -  196°C), where they were stored until sectioning. 

T o  visualize androgen concentrating neurons, 4 males each 
received a total of  250 p.Ci (500 ng) of  [ I , 2 , 6 , 7 . 1 6 , 1 7 . ' ~ H ( N ) ] t e s t o s  . 
terone: ([~H]T: spec, act, = 141 C i / m m o l ;  N e w  England Nuclear  
Research Products, Boston, M A X  in addition, because testosterone 
can he aromatized to estrogen,  a second group (~f 4 males each 
receivud a total of 69/zCi (200 ng) of the non-aromatizable andro- 
gen, dihydrotestosterone (['~H]DHT; 5~-dihydro[I,2,4,5,6,7-aH]tes- 
roster•no', spec. act. = 100 Ci/mmol; Amersham Co., Arlington 
Heights, IL) to account fi)r labelling of estrogen-concentrating neu- 
rons following ['~H]T injection• To visualize estrogen concentrating 
neurons directly, each of 4 males were injected with a total of 200 
p, Ci (340 ng) of [2,4,6,7,16,17-'~H(N)]estradiol.1713 (['~H]E2', spec. 
act. = 16l) Ci/mmol; NEN). 

For each group, two additional males served as controls• One 
male received 100-fold excess of non-radioactive hormone immedi- 
ately before injection of tritiated steroid to determine specificity of 
labelling. The second male received only non-radioactive hormone to 
control fi)r positive choreography, the artifactual reduction of silver 
grains due to emulsion handling or tissue processing. 

Tissue processing 
Tissue was processed according to the methods of Pfaff and 

Keiner TM. Briefly, the brains were sectioned in a Lipshaw cry•star at 
-180C in the darkroom under a sodium vapor safelight. Six-/zm 
sections were collected onto emulsion-coated slides (NTB-2, n = 6; 
NTB-3, n = 12; Eastman Kodak Co., Rochester, NY). A single sec- 
tion was saved each 100 p,m: the adjacent section was collected onto 
a gel-subbed slide fi}r Cresyl violet staining. Additional sections were 
collected for test slides to develop at intervals during the exposure 
pen.'~d. Emulsion-dipped slides were stored with a dessicant in 
light-tight plastic slide, boxes inside light-sealed ammunition boxes at 
4°C fi)r 11-14 months. They were developed in Kodak D-19 at 17°C, 
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Fig. 1. Photomicrographs of representative heavily labelled neurons 
from male hamsters receiving systemic injections of  [3H]estradiol 
(top), [3H]testosterone (middle), and [3H]dihydrotestosterone (bot- 
tom). Note differences in intensity of labelling over the cell and 

amount of background label. 
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washed, counter-stained with Cresyl violet, and coverslipped with 
Permount. 

Data analysis 
A cell was considered labelled when the number of reduced silver 

grains over the stained cell body was equal to 3 or more times the 
background 7. Background was determined by calculating the average 
number of silver grains over adjacent ceil-sized areas of unstained 
neuropil. For each brain, steroid concentrating neurons within Me, 
BNST, and MPOA were plotted onto standard sections of the 
hamster brain. For presentation of these data, a representative 
animal from each steroid treatment group was depicted. 

RESULTS 

Labelling over individual neurons 

Labelled cells were present in the same forebrain 
regions previously described for the Syrian hamster by 
Doherty and Sheridan 6 and Krieger et al. 15. For the 
present study, detailed analysis of steroid receptor-con- 

taining cells was restricted to the amygdala, MPOA, 
and BNST. Fig. 1 presents photomicrographs of indi- 
vidual heavily labelled neurons from animals treated 
with estradiol (top), testosterone (middle), and DHT 
(bottom). Different exposure times were necessary to 
achieve substantial labelling of steroid-concentrating 
neurons; the mean exposure time averaged 11 months 
for E2, 14 months for T, and 15 months for DHT 
labelling. In hamsters treated with tritiated estradiol, 
there were abundant silver grains over individual neu- 
rons. DHT treatment resulted in relatively few grains 
per cell. Background labelling over cell-free areas was 
most noticeable in brains from animals treated with T. 
Pretreatment with unlabelled ligand completely inhib- 
ited uptake of the 3H-lal~elled steroid in hamsters 
injected with testosterone, DHT, or estradiol (data not 
shown). 

At 

I:: 

Fig. 2. The distribution of labelled neurons (dots) in drawings of coronal brain sections through the amygdala from a representative male hamster 
following systemic injection of [3Hlestradiol. 
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Amygdala 
Figs. 2-4 illustrate the pattern of labelled neurons 

throughout the rostrocaudal extent of the amygdala in 
individual representative hamsters treated with triti- 
ated estradiol (Fig. 2), testosterone (Fig. 3), and dihy- 
drotestosterone (Fig. 4). In these figures, each dot 
represents a single labelled neuron, but because differ- 
ent exposure times were necessary to achieve labelling, 
it is not possible to provide useful quantitative compar- 
isons between the 3 hormone treatments. Neurons 
labelled with [3H]estradiol were found in all amyg- 
daloid nuclei except the lateral nucleus (L) and nucleus 
of the accessory olfactory tract (nAOT), but they clus- 
tered in Me, the posteromedial cortical ~mcleus (PMCo, 
Fig. 2E, F), and the amygdalohippocampal area-~'(AHA, 
Fig. 2F). Within the medial nucleus, estrogen-con- 
centrating neurons were present in both anterior and 
posterior subdivisions, with a prominent group of la- 
belled cells in the poster~dorsal region (Fig. 2E). 

By contrast, testosterone treatment produced a more 
restricted pattern of labelled neurons ia the amygdala 
(Fig. 3). Unlike the pattern of estradiol-labeiled neu- 
rons, cells labelled by testosterone treatment were vir- 
tually absent from the posterolateral cortical nucleus 
(PLCo), the central nucleus (Ce), and the basolateral 
and basomedial nuclei (BL and BM). Testosterone- 
concentrating neurons were abundant and heavily la- 
belled in posterodorsal Me and AHA (Fig. 3E,F), but 
few labelled cells were present in the anterior portion 
of Me (Fig. 3A,B). Interestingly, DHT treatment (Fig. 
4) produced more widespread labelling than did testos- 
terone. Although the specific brain sections from the 
individual illustrated in Fig. 4 do not show labelling in 
all nuclei, in general, DHT-labelled neurons were pres- 
ent in the same amygdaloid nuclei labelled with triti- 
ated estradiol. However, estradiol-concentrating neu- 
rons appeared to be more numerous. As with testos- 
terone and estradiol treatment, DHT-labelled neurons 

Fig. 3. The distribution of labelled neurons (dots) in drawings of coronal brain sections through the amygdala from a rep:esentative male hamster 
following systemic injection of [3H]testosterone. See Fig. 2 for identification of nuclear areas. 
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were clustered in the posterodorsal Me and AHA (Fig. 
4E,F). 

Bed nucleus of the stria terminalis and medial preoptic 
area 

Figs. 5-7 present the pattern of labelled neurons in 
the BNST and MPOA following treatment with 
[3H]estradiol (Fig. 5), testosterone (Fig. 6), and DHT 
(Fig. 7). The cytoarchitectural description of Maragos 
et al. 21 is used here as a basis for the nuclei within the 
MPOA; that of Gomez and Newman lm is used for 
BNST. Estradiol treatment produced labelled neurons 
in the anteromedial and anterolateral BNST (BNSTam 
and BNSTal) at the rostral extent of this nucleus (Fig. 
5A,B). At this, and more caudal levels in the postero- 
medial BNST (BNSTpm), the most abundant labelling 
was confined medially; fewer labelled neurons were 
found in the posterointermediate BNST (BNSTpi) 
which extends from the posterior border of the body of 

the anterior commissure into the caudal part of the 
MPOA (Fig. 5C,D). Fig. 5E illustrates estradiol-con- 
centrating cells in the preopfic BNST (pm and pi). In 
the MPOA, numerous heavi!y labelled cells were pres- 
ent throughout the MPN, and in the preoptic 
BNSTpm. Note, in particular, in Fig. 5C that the 
labelled neurons in BNSTpm form a continuum across 
the MPOA with those in the MPN. Labelled cells were 
also present in the anteroventral preoptic nucleus 
(AVPN) and median preoptic nucleus (MePO), but no 
labelling was observed in the magnocellular MPN (Fig. 
5D) or suprachiasmatic nucleus (SCN; Fig. 5F). 

As in the amygdala, labelled neurons in BNST and 
MPOA following tritiated testosterone injection were 
found in a subset of the areas that contained 
estradiol-concentrating neurons. Testosterone-labelled 
neurons were grouped closely together in the 
BNSTam, BSNTpm, and MPN, but were relatively 
sparse in the BNSTpi and subdivisions of the MPOA 

I:: 

¢- 

Fig. 4. The distribution of labelled neurons (dots) in drawings of coronal brain sections through the amygdala from a representative male hamster 
following systemic injection of [3H|dihydrotestosterone. See Fig. 2 for identification of nuclear areas. 
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Fig. 5. The distribution of labelled neurons (dots) in drawings of 
coronal brain sections through the bed nucleus of the stria terminalis 
and the medial preoptic area from a representative male hamster 

following systemic injection of [3H]estradiol. 

outside the MPN. The distribution of labelled neurons 
with [3H]DHT was intermediate between that of 
[3H]estradiol and [3H]testosterone. DHT neurons were 
scattered throughout BNSTam, pm and pi, MPN, and 
in other regions of MPOA; few cells were present in 
BNSTal. With that exception, DHT labe~!i~.g was found 
in the same subdivisions of BNST and MPOA that 
contained estrogen receptors. 

DISCUSSION 

The present study describes in detail the distribu- 
tion of steroid receptor-containing neurons in 3 brain 

C F 

". "in 

Fig. 6. The distribution of labelled neurons (dots) in drawings of 
coronal brain sections through the bed nucleus of the stria terminalis 
and the medial preoptic area from a representative male hamster 
following systemic injection of [3H]testosterone. See Fig. 5 for identi- 

fication of nuclear areas. 

nuclei important to the control of male sexual behav- 
ior: the MPOA, BNST, and Me. As determined using 
steroid autoradiography following injection of tritiated 
estradiol, testosterone, or the non-aromatizable andro- 
gen, dihydrotestosterone, neurons that contain andro- 
gen and estrogen receptors are widely distributed, but 
most abundant in specific subnuclear areas of the 
amygdala and preoptic area. 

Previous studies using steroid autoradiography 4'33'36 
and in situ hybridization 3s have compared the location 
of androgen and estrogen receptors in rat, mouse, and 
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Fig. 7. The distribution of labelled neurons (dots) in drawings of 
coronal brain sections through the bed nucleus of the stria terminalis 
and the medial preoptie area from a representative male hamster 
following systemic injection of [3H]dihydrotestosterone. See Fig. 5 

for identification of nuclear areas. 

gerbil. These investigators have surveyed steroid recep- 
tors throughout the brain, and their findings are neces- 
sarily reported in less detail for any individual region. 
]n general, androgen and estrogen receptors overlap 
considerably. Greater numbers of androgen receptor- 
containing neurons have been described in lateral sep- 
tum4, 33, thalamus 36, hippocampus 33,36,38, piriform 
cortex 36, brainstem nuclei 4'3s and in the ventromedial 
nucleus of the hypothalamus 33. Estrogen receptors may 
exceed androgen receptors only in the arcuate 
nucleus 4'33 and in the anterior olfacto~ nucleus, at 

least in gerbil brain 4. With regard to the present study, 
MPOA, BNST, and Me in the hamster contain rela- 
tively large numbers of both gonadal steroid 
receptors 6'n5, but no differences between androgen and 
estrogen receptors have been described previously in 
these regions. Our goal was to provide a more detailed 
comparison of the locations of androgen and estrogen 
receptors within specific nuclei of a behaviorally rele- 
vant pathway whose function depends upon gonadal 
steroids. 

In the present study, the distribution of estrogen- 
concentrating neurons overlapped considerably with 
that of androgen receptors, as determined with DHT 
autoradiography. It was not feasible in the present 
~tudy to perform detailed quantitative analysis of the 
relative density of androgen- and estrogen-concentrat- 
ing neurons because hamsters received different 
amounts of tritiated steroid, and the sections were 
exposed for varying lengths of time. This was necessary 
to ensure adequate labelling of neurons in hamsters 
from each group,. Although confounding variables in 
the present study prevented quantitative comparisons 
between androgen and estrogen receptors, newly de- 
veloped antibodies to the androgen and estrogen re- 
ceptors a'n2'a°'a4'39 may permit such comparisons in the 
future. The absence of distinctly different nuclear dis- 
tributions of androgen and estrogen receptors suggests 
that sexual behavior in the male is not uniquely sensi- 
tive to a single class of steroid hormones. This conclu- 
sion is supported by steroid replacement studies in 
castrate males. Both testosterone and its major 
metabolites axe safficient for the expression of copula- 
tory behavior in the male hamster, as evidenced by 
mounting behavior in castrate males replaced centrally 
or peripherally with estradiol or  DHT 2'1°'2°'27'4°. Al- 
though estradiol does not restore intromissions or ejac- 
ulations because peripheral tissues require androgenic 
stimulation, it appears that estrogens, like androgens, 
can act centrally to maintain major components of 
mating behavior 2°. Indeed, certain steroid receptor- 
containing neurons may contain both androgen and 
estrogen receptors, as has been reported in the brain 
of the canary 9. Therefore, we must consider that both 
androgen and estrogen receptors may be involved in 
the control of sexual behavior of the normal male 

hamster. 
Although labelling with estradiol and DHT was 

present within the same brain regions, the restricted 
labelling of cells in Me, BNST, and MPOA following 
[3H]testosterone treatment in this study was unex- 
pected. If testosterone is bipotential, capable of 
metabolism into estradiol or DHT, it might be antici- 
pated that cells labelled with [3H]testosterone would 
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represent both androgen and estrogen receptor-con- 
taining neurons. According to this hypothesis, cells 
labelled by [3H]estradiol or [3H]DHT would be a sub- 
set of those labelled with testosterone. In fact, in the 
present study, the testosterone-labelled cells were less 
widely distributed than those labelled with either estra- 
diol or DHT. Differences in the amount or specific 
activity of labelled steroid administered cannot account 
for these results because testosterone-treated males 
received larger doses of steroid than males treated with 
estradiol or DHT. 

This finding is difficult to interpret. Previous reports 
in the gerbil 4 and rat 37 have described cells labelled 
with tritiated testosterone in the same areas as those 
labelled with tritiated estradiol and DHT. However, as 
noted above, these analyses did not deal with the 
subdivisions of the amygdaloid nuclei, the BNST, ~:r 
the MPOA. Whether such labelling represents binding 
of testosterone directly to the androgen receptor or 
binding of testosterone's major metabolites cannot be 
determined using standard autoradiographic tech- 
niques. To address this question, Sheridan 37 compared 
labelling of cells in female rats treated with a- and 
/~-labelled testosterone. Whereas the a-labelled andro- 
gen, similar to that used in the present study, retains 
the tritium label during metabolism, the tritium on 
/3-labelled testosterone is lost during aromatization. In 
that study, binding of a-labelled testosterone ressem- 
bled that in the present study, but the /3-labelled 
androgen identified cells only in restricted regions of 
the BNSTpm and posterodorsal Me, areas that were 
the most heavily labelled with testosterone in the pres- 
ent study. Because labelling in the present study re- 
sembled that of Sheridan's a-labelled testosterone, it 
seems likely that local aromatization of testosterone to 
estradiol contributes to some extent to labelling of cells 
during our testosterone autoradiography. Certainly, the 
potential exists for conversion of testosterone to estra- 
diol or DHT. Steroid metabolic enzymes, aromatase 
and 5a-reductase, are present in Me, BNST, and 
MPOA ~3'22'3L35 as well as in peripheral tissues. It has 
not yet been determined in the hamster if aromatase 
and/or 5a-reductase are found within steroid recep- 
tor-containing cells, although little colocalization of 
aromatase and estrogen receptors has been reported in 
the preoptic area of the Japanese quail I. Testosterone 
is also capable of binding directly to the androgen 
receptor, but at a much lower affinity than DHT 3. 
Biochemical analyses of androgen metabolites follow- 
ing injection of tritiated testosterone suggest that 
testosterone is still the dominant steroid in circulation 
several hours after steroid treatment, although aroma- 
tization can produce significant quantities of estrogen 

in the preoptic area and amygdala ~4. The restricted 
pattern of testosterone labelling in the present study is 
c~,nsistent with low affinity testosterone binding to 
androgen receptors and limited metabolism to more 
readily bound steroids. 

The distribution of steroid hormone receptors within 
Me, BNST, and MPOA is relevant to our understand- 
ing of how hormonal and chemosensory signals are 
integrated in the hamster brain. In the amygdala, 
steroid receptors are primarily restricted to the cortico- 
medial division, and further, to nuclei within this divi- 
sion that receive input from the vomeronasal organ via 
the accessory olfactory bulb (AOB). These include Me 
and PMCo, as well as AHA, which receives AOB input 
indirectly from PMCo 23. In addition, Me receives a 
linlited projection from the main olfactory bulb (MOB), 
and indirect olfactory input through the anterior corti- 
cal and endopiriform nuclei. In turn, areas in BNST 
and MPOA that contain the largest numbers of steroid 
concentrating neurons are major targets of projections 
from Me and AHA. Together, these findings appear to 
support the hypothesis that chemosensory signals are 
relayed through hormone receptor-containing neurons 
for integration of these two determinants of male mat- 
ing behavior. 

However, comparison of the distribution of MOB 
and AOB terminals within the amygdala and the loca- 
tion of steroid hormone receptors suggests that neu- 
rons containing steroid receptors are not positioned to 
receive direct chemosensory input. In the medial amyg- 
daloid nucleus, the majority of fibers from the AOB, 
and the only direct input from MOB, terminate in 
anterior Me ~, whereas most hormone receptor cells 
are located in posterior Me. Anterior Me is essential 
for mating; electrolytic lesions of this region eliminate 
copulation ~7. In contrast, lesions of posterior Me only 
alter the temporal sequence of mating, suggesting that 
this region is not critical for the expression of the 
behavior rag. In a similar manner, chemosensory infor- 
mation from a,~terior Me is transmitted to the more 
lateral regions of BNST (BNSTpi) and MPOA ~, 
whereas steroid recep:.,~r-containing neurons are con- 
centrated medially in BNSTpm and MPN, areas receiv- 
ing direct input from posterior Me. Steroid receptors 
in MPOA are important in the control of mating 
behavior because implants of androgen or estrogen 
directly into the MPOA restore mating in castrate 
males e°. Similar studies have not been performed in 
Me. 

Thus, based upon the location of steroid receptors 
within these 3 nuclei that relay chemosensory signals, 
there is little compelling evidence to suggest that sub- 
stantial numbers of steroid-concentrating neurons 



themselves relay critical chemosensory information to 
brain regions controlling reproduction. There do exist 
connections between subnuclei that receive primarily 
chemosensory and hormonal input tl, thus allowing for 
the indirect integration of these signals. Nonetheless 
chemosensory cues and steroid hormones, both of 
which are essential for mating behavior, are processed 
through distinct subdivisions of the same nuclei. Per- 
haps this is not surprising, because hormonal signals 
appear to serve a more permissive role, as evidence by 
the slow cessation of mating following castration u, 
whereas interruption of olfactory pathways abolishes 
mating immediately, suggesting that chemosensory sig- 
nals acutely stimulate mating behavior 25. It seems 
probable that integration of chemosensory and hor- 
monal signals is achieved through communication be- 
tween subnuclei of the mating behavior pathway. 
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