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ABSTRACT 
Chemosensory and hormonal signals, both of which are essential for mating in the male 

Syrian hamster, are relayed through a distinct forebrain circuit. Immunocytochemistry for 
tyrosine hydroxylase, a catecholamine biosynthetic enzyme, previously revealed immunoreac- 
tive neurons in the anterior and posterior medial amygdaloid nucleus, one of the nuclei within 
this pathway. In addition, dopamine-immunoreactive neurons were located in the posterior, but 
not the anterior, medial amygdala. In the present study, tyrosine hydroxylase-immunostained 
neurons were also observed in other areas of the chemosensory pathway, including the 
posteromedial bed nucleus of the stria terminalis and the posterior, lateral part of the medial 
preoptic area, while dopamine immunostaining was only seen in the posteromedial bed nucleus 
of the stria terminalis. The colocalization of tyrosine hydroxylase and androgen receptors was 
examined in these four tyrosine hydroxylase cell groups by a double immunoperoxidase 
technique. The percentage of tyrosine hydroxylase-immunolabeled neurons that were also 
androgen receptor-immunoreactive was highest in the posterior medial amygdaloid nucleus 
(74%) and the bed nucleus of the stria terminalis (79%). Fewer tyrosine hydroxylase- 
immunostained neurons in the anterior medial amygdala (33%) and the medial preoptic area 
(4%) contained androgen receptors. Surprisingly, castration resulted in a significant decrease in 
the number of tyrosine hydroxylase-immunoreactive neurons only in the anterior medial 
amygdaloid nucleus, and this effect was transient. Six weeks after castration, the anterior 
medial amygdala contained 61% fewer tyrosine hydroxylase-immunolabeled neurons, but 12 
weeks after gonadectomy, immunostaining returned to intact values. The number of immuno- 
stained neurons in testosterone-replaced, castrated hamsters was not significantly different 
from that of intact or castrated animals at any time. The results of this study indicate that a 
substantial number of tyrosine hydroxylase-immunostained neurons in the chemosensory 
pathway are influenced by androgens; the majority of these neurons in the posterior medial 
amygdala and the posteromedial bed nucleus of the stria terminalis produce androgen 
receptors, and tyrosine hydroxylase immunoreactivity is altered by castration in the anterior 
medial amygdala. o 1993 Wiley-Liss, Inc. 
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The medial nucleus of the amygdala (Me), bed nucleus of 
the stria terminalis (BNST), and medial preoptic area 
(MPOA) are central structures in the chemosensory path- 
way that control male reproductive behavior (Sachs and 
Meisel, '88). In the male Syrian hamster (Mesocricetus 
auratus), bilateral electrolytic lesions of any of these brain 
nuclei (Lehman et al., '80; Lehman and Winans, '82; 
Powers et al., '87) or transection of the fiber bundles 
connecting them (Lehman et al., '83) alters mating behav- 
ior, and Fos immunocytochemistry reveals a selective pat- 

tern of neuronal activation in these same regions following 
mating (Kollack and Newman, '92). In addition to relaying 
chemosensory information, neurons in the hamster Me, 
BNST, and MPOA concentrate gonadal steroids (Krieger et 
al., '76; Doherty and Sheridan, '81; Wood et al., '92). These 
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brain regions, therefore, are thought to represent sites of 
integration of chemosensory and hormonal signals, both of 
which are essential for reproduction in this species (Beach 
and Pauker, '49; Murphy and Schneider, '70; Devor, '73; 
Whalen and DeBold, '74; Powers and Winans, '75; Morin 
and Zucker, '78; Lisk and Bezier, '80; Powers et al., '85). 
Although the mechanisms of this integration are not fully 
understood, previous studies in the hamster and rat have 
shown that gonadal steroids alter the neuronal morphology 
(Gomez and Newman, '911, electrophysiology (Pfaff and 
Pfaffman, '69; Kendrick and Drewett, '79; Nabekura et al., 
'86; Wong and Moss, '921, and neurotransmitter production 
(Simerly and Swanson, '87; Simerly, '90; Swann and New- 
man, '92) in neurons of this circuit. In the hamster, these 
effects of gonadal steroids presumably influence the trans- 
mission of behaviorally essential chemosensory signals. 

Little is known about the neurotransmitters in the 
anterior region of Me (MeA) or about the influence of 
gonadal hormones on their production. In the hamster, 
changes in dendritic morphology (Gomez and Newman, 
'91) and neurotransmitter production (Swann and New- 
man, '92) after castration have only been observed in the 
posterior region of Me (MeP). However, lesions of MeA 
eliminate male hamster mating behavior (Lehman et al., 
'80; Lehman and Winans, '821, while lesions of MeP only 
alter the temporal sequence of this behavior (Lehman et al., 
'83). In addition, the connections of anterior and posterior 
Me are distinctly different (Gomez and Newman, '92). 

Recently, a species-specific population of tyrosine hydrox- 
ylase-immunoreactive (TH-IR) neurons was reported in the 
hamster Me (Asmus et al., '92). Two distinct groups of cells 
that contain TH, the first and rate-limiting enzyme in the 
catecholamine biosynthetic pathway, are located in the 
anterior and posterior regions of this nucleus. These cells 
are not immunoreactive for dopamine-6-hydroxylase (DBH) 
or phenylethanolamine-N-methyltransferase (PNMT), en- 
zymes that synthesize norepinephrine and epinephrine, 
respectively. Further, MeP contains dopamine-IR neurons. 
Taken together, these data suggest that the TH-IR cells in 
MeP produce dopamine, while those in MeA may produce 
immunocytochemically undetectable quantities of dopam- 
ine, or they may only produce its precursor, L-3,4- 
dihydroxyphenylalanine (L-DOPA), which itself is a neuro- 
transmitter candidate (Goshima et al., '88; Kubo et al., '92; 
Nakamura et al., '92). Whether these neurons synthesize 
dopamine or L-DOPA as an endproduct, they provide an 
interesting model in which to study the hormonal and 

chemosensory regulation of a specific subset of neurochem- 
ically identifiable cells in the chemosensory pathway. 

The first objective of this study was to determine whether 
TH-IR neurons are located in areas of the chemosensory 
pathway other than Me and whether any of these areas also 
contain dopamine immunoreactivity. Second, immunocyto- 
chemical techniques were used to determine whether any of 
the TH-IR neurons in this pathway produce androgen 
receptors (AR). Finally, to test the hypothesis that gonadal 
steroids influence TH production in neurons of the chemo- 
sensory pathway, the numbers of TH-IR neurons in distinct 
subdivisions of this pathway were compared in intact, 
castrated and testosterone-replaced, castrated animals. Sev- 
eral postcastration intervals were studied because specific 
components of male hamster copulatory behavior are lost at  
different time points during the 12 week period following 
castration, after which mating is essentially eliminated, 
apart from sporadic mounts (Morin and Zucker, '78). 

MATERIALS AND METHODS 
Animals and experimental design 

Adult male Syrian hamsters (90-110 g; Charles River, 
Wilmington, MA) were group housed in a 14 hour light: 10 
hour dark illumination cycle and given food and water ad 
libitum. In Experiment I, the distribution of TH-IR neu- 
rons in the chemosensory pathway was examined in 20 
animals pretreated with colchicine, an axoplasmic trans- 
port inhibitor (Dahlstrom, '68) that enhances TH and 
dopamine immunostaining (Simerly et al., '85; Kitahama et 
al., '89; Kitahama et al., '90; Asmus et al., '92). To examine 
the distribution of dopamine immunostaining in these 
areas, four colchicine-treated and two untreated animals 
were used for dopamine immunocytochemistry. In Experi- 
ment 11, TH and AR colocalization was studied in three 
colchicine-treated and three untreated animals. In Experi- 
ment 111, the effects of castration on TH immunostaining 
were examined by dividing 60 animals into the following 
three treatment groups: 1) intact (n = 20), 2) castrated 
(n = 20), and 3) castrated plus testosterone (n = 20). At 2, 
4, 6, and 12 weeks after castration, five animals from each 
of these three groups were pretreated with colchicine and 
processed for TH immunocytochemistry. In two of the 
experimental groups, one animal died during the experi- 
ment before the data were obtained. 
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Experiment I: TH and dopamine 
immunocytochemistry 

Hamsters were anesthetized with sodium (Na) pentobar- 
bital (10 mg/lOO g body weight, ip) and given 200 pg of 
colchicine (Sigma, St. Louis, MO) in 2.5 pl of distilled HZ0 
into the lateral ventricle (Neal and Newman, '89). After 48 
hours, hamsters to be used for TH immunocytochemistry 
were deeply anesthetized and perfused through the ascend- 
ing aorta with 150 ml of 0.1 M Na phosphate-buffered 
saline containing 0.1% Na nitrite for vasodilation, followed 
by 250 ml of 4% paraformaldehyde in 0.1 M Na phosphate 
buffer (NaPB). The brains were removed and postfixed for 1 
hour in the perfusion fixative and cryoprotected overnight 
in 20% sucrose in NaPB at 4°C. Coronal brain sections (40 
km) were cut on a freezing microtome, collected in NaPB 
containing 0.01% Na azide, and stored at 4°C. 

Colchicine-treated and untreated hamster brains were 
prepared for dopamine immunocytochemistry according to 
a previously described protocol (Asmus et al., '92). Briefly, 
hamsters were perfused with distilled H20 containing 2% 
Na chloride and 1% Na metabisulfite (pH 7.2) followed by 
5% glutaraldehyde and 1% Na metabisulfite in 50 mM Na 
cacodylate buffer (pH 7.6). Brains were postfixed for 1 hour 
in the perfusion fixative and cryoprotected overnight in 
20% sucrose and 1% Na metabisulfite in 50 mM Tris (pH 
7.2). Brains were cut and stored as described above. 

The monoclonal TH antibody (Incstar, Stillwater, MN) 
used in this study was raised in mouse against TH purified 
from PC-12 cells, and has been shown to be specific for TH 
according to Western blot analysis (Wolf et al., '89). Omis- 
sion of the primary antibody or the secondary (goat anti- 
mouse) antiserum abolished all immunostaining. The do- 
pamine antiserum (Eugene Tech Intl., Allendale, NJ) was 
raised in rat against dopamine coupled to Lirnulus hemocy- 
anin by glutaraldehyde. 

For TH immunostaining, free-floating brain sections at  
120 p,m intervals were rinsed in 0.02 M potassium phos- 
phate-buffered saline (KF'BS) and then incubated with the 
TH antibody (diluted to 1:10,000 with KPBS containing 
0.3% Triton-X) for 48 hours at 4°C. Sections were then 
incubated at room temperature for 1 hour each in goat 
anti-mouse antiserum (Jackson ImmunoResearch, West 
Grove, PA; 1 : l O O  in KPBS with 0.3% Triton), followed by 
mouse peroxidase anti-peroxidase (PAP) complex (Jackson 
ImmunoResearch; 1:200 in KPBS with 0.3% Triton and 4% 
normal goat serum). Each incubation was followed by three 
washes in KPBS (4 minutes each). To visualize the bound 
peroxidase, sections were incubated in a solution of 0.0125% 
diaminobenzidine tetrahydrochloride (DAB; Sigma), 0.0 15% 
nickel chloride (NiC12), and 0.06% hydrogen peroxide (HzOz) 
in KPBS for 6 minutes at room temperature. Sections were 
mounted onto gelatin-coated slides, dehydrated, cleared, 
and coverslipped with Permount. Adjacent sections were 
stained with cresyl violet for cytoarchitectural analysis. 

For dopamine immunocytochemistry, brain sections were 
incubated with the dopamine antiserum diluted with 1% Na 
metabisulfite, 0.5-1% Triton-X, 0.05% bovine serum albu- 
min (BSA), and 0.05% Na azide in 50 mM Tris for 12 hours 
at  room temperature. Sections were then incubated at  room 
temperature for 1 hour each with biotinylated goat anti-rat 
antiserum (Sigma; 1 : l O O  in 0.1 M NaPBS with 0.05% BSA, 
0.5% Triton-X, and 2% normal rabbit serum) followed by 
the Elite Vectastain avidin-biotin complex solution (Vector 
Labs, Burlingame, CA) diluted with the same buffer. Each 

incubation was followed by washes in 0.1 M NaPBS contain- 
ing 0.05% BSA. Bound peroxidase was visualized as de- 
scribed above. 

Immunostained sections at 120 pm intervals were exam- 
ined by using brightfield illumination on a Leitz Dialux 
microscope. This sampling provided three to four sections 
per brain through each of the regions that contained TH-IR 
cell groups (MeA, MeP, BNST, and MPOA). Adjacent, 
cresyl violet-stained sections were examined to ensure that 
the same antero-posterior level through each of these areas 
was compared in different animals. The specific levels 
studied are as described in the Results section. A cell was 
considered labeled for TH or dopamine if its soma was filled 
with dark reaction product and at  least one immunostained 
process could be seen emanating from the cell body. Every 
immunostained neuron in the nuclear area to be sampled 
was counted. Because the data are reported as the number 
of immunostained neurons per section rather than an 
approximation of the total number of neurons in any given 
region and because the sampling interval (120 pm) was 
large compared with the average size of neurons in these 
areas (15 pm), no correction factors were needed to compen- 
sate for double-counting errors. This sampling method was 
also used for quantification of TH-IR neurons in the 
colocalization and castration studies described below. 

Experiment 11: AR/TH immunocytochemistry 
To determine whether TH-IR neurons in the chemosen- 

sory pathway contain AR, a double immunoperoxidase 
technique was used. The polyclonal AR antiserum, kindly 
provided by Dr. Gail S. Prins (University of Illinois College 
of Medicine), was raised in rabbit against a synthetic 
peptide corresponding to amino acids 1-21 of the rat and 
human AR (Prins et al., '91). Specificity of this antiserum 
was confirmed by Western blot analysis (Prins et al., '91) 
and by blocking studies with the antigenic peptide (Prins et  
al., '91; Wood and Newman, '93a). 

Colchicine- and noncolchicine-treated hamster brains 
were prepared for immunocytochernistry as described above 
under Experiment I. Brain sections at 120 km intervals 
were incubated with 4% normal goat serum and 0.3% 
Triton-X in KPBS for 1 hour at  room temperature. Sections 
were then incubated with the AR antiserum (1:2,000) for 48 
hours at 4"C, followed by a biotinylated goat anti-rabbit 
antiserum (Vector Labs) for 1 hour, both diluted in the 
same buffer as above, and finally with the Elite Vectastain 
avidin-biotin complex solution (Vector Labs) diluted in 
KPBS plus 0.3% Triton-X for 1 hour. Each incubation was 
followed by KPBS rinses. Bound peroxidase was visualized 
as described above with NiClz-intensified DAB as the 
chromagen. Following rinses in KPBS, these sections were 
processed for TH immunocytochemistry in the same man- 
ner detailed above except that NiC12 was omitted from the 
DAB/H202 solution. 

Cells double-labeled for AR and TH contained black 
nuclei (ARiintensified DAB) surrounded by reddish-brown 
cytoplasm (THiunintensified DAB) in the same focal plane. 
From the three colchicine-treated hamsters, the total num- 
ber of TH-IR neurons and the number of double-labeled 
neurons were counted at  120 pm intervals in sections 
through the appropriate antero-posterior levels of MeA, 
MeP, BNST, and MPOA as described above. From these 
data, the percentage of TH-IR neurons containing AR was 
determined for each region per brain. To determine whether 
the extent of colocalization varied between regions, the 
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mean percentages of double-labeled cells were compared by 
a one-way analysis of variance (ANOVA) with post hoc 
pairwise comparisons (Scheffe F-test). A P value of less 
than 0.05 was considered significant. 

To ensure that colchicine treatment did not alter AR 
immunostaining, the number of AR-IR cells in a defined 
area of Me and BNST was compared in colchicine- and 
noncolchicine-treated hamsters. Finally, noncolchicine- 
treated brains were examined to look for double-labeling in 
the small number of TH-IR neurons that are immuno- 
stained in Me, BNST, and MPOA without colchicine. 

Experiment 111: effects of castration on TH 
immunostaining 

Anesthetized hamsters were castrated via a midline 
scrota1 incision at  10 weeks of age. Immediately thereafter, 
either a 20 mm Silastic capsule (1.98 mm inner diameter; 
3.18 mm outer diameter; Dow Corning, Midland, MI) 
containing crystalline testosterone (T) (Sigma) or an empty 
capsule was implanted subcutaneously (Powers et al., '85). 
This capsule size maintains a constant, physiological level 
of serum T in the hamster (Campbell et al., '78). 

After the predetermined postcastration interval, animals 
were treated with colchicine and perfused as described 
above under TH immunocytochemistry. To verify the effi- 
cacy of the hormone implants, two androgen-sensitive 
tissues were assessed at  the time of perfusion. The average 
rostrocaudal length of the left and right sebaceous flank 
glands (Giegel et al., '71) was determined for each animal, 
and the gross size of the seminal vesicles was noted. 

Immunocytochemistry for TH was carried out as de- 
scribed under Experiment I. To control for variation in 
immunocytochemistry, brain sections from each of the 
three treatment groups were processed simultaneously. 

The mean number of TH-IR neurons per section was 
calculated from counts on three to four sections per brain, 
at  120 pm intervals, for each of the four areas studied 
(MeA, MeP, posteromedial BNST, and lateral MPOA) as 
described under Experiment I. Immunostained neurons 
were counted in brain regions ipsilateral to the colchicine 
injection by an observer blind to the animal's experimental 
group. These values were compared in intact, castrated, and 
T-replaced, castrated hamsters by a two-way ANOVA, with 
group and time after castration as factors. Post hoc pairwise 
comparisons were made with a Scheffe F-test with a P value 
of less than 0.05 considered significant. 

RESULTS 
Distribution of TH- and dopamine-IR neurons 

in Me, BNST, and MPOA 
The distribution of TH-IR neurons in Me of colchicine- 

treated hamsters was identical to that reported previously 
(Asmus et al., '92). Two well-defined populations of TH-IR 
neurons were located in Me, one in MeA (Figs. lA, 2A), and 
the other in MeP (Figs. lB, 2s) .  The rostral boundary of the 
TH-containing cell group in MeA coincided with the rostral 
edge of the posterolateral cortical amygdaloid nucleus 
(PLCo). The caudal boundary of this cell group corre- 
sponded to the level at which the intercalated cell mass 
coalesces into a single cluster of cells, and the PLCo is the 
same cross-sectional area as the anterior cortical amygda- 
loid nucleus. The rostral border of the TH-IR cell group in 
MeP was dorsal to the rostral edge of the posteromedial 

cortical amygdaloid nucleus. This cell group in MeP ex- 
tended to the caudal boundary of the nucleus. 

l'yrosine hydroxylase-containing neurons were also ob- 
served in other areas of the chemosensory pathway. In the 
BNST, the largest number of TH-IR neurons was consis- 
tently found in the rostral part of the posteromedial 
subdivision (BNSTpm) (Figs. lC, 2 0 ,  referred to as the 
"encapsulated" BNST in the rat (Simerly and Swanson, 
'86). Approximately 20 TH-IR neurons per section were 
observed in this region, which extends in the rostrocaudal 
direction from the caudal border of the body of the anterior 
commissure to the level at which the fornix and stria 
medullaris fiber bundles separate. A smaller number of 
cells were located at  this level in the posterolateral BNST 
(BNSTpl) (Figs. lC, 2C) and, at more caudal levels, in the 
preoptic BNSTpm (Figs. lD, 2D). Very few TH-IR neurons 
were found in the posterointermediate BNST (BNSTpi) or 
any of the anterior subdivisions of the BNST. 

Throughout the MPOA, the classically described periven- 
tricular dopaminergic neurons were immunoreactive €or 
TH (Hokfelt et al., '84). In addition, a limited number of 
TH-IR neurons were visible in the lateral part of the MPOA 
at the level of the body of the anterior commissure. 
Caudally, a large number of TH-IR neurons were scattered 
throughout the lateral part of posterior MPOA (Figs. l D ,  
2D). These neurons, which numbered approximately 45 per 
section, were located between the level at  which the fornix 
and stria niedullaris separate and the anterior border of the 
suprachiasmatic nucleus. At these levels, TH-IR neurons 
spanned the dorsoventral extent of the lateral MPOA. A few 
TH-IR neurons were also observed in the medial preoptic 
nucleus and in the lateral preoptic area. In other forebrain 
regions, the distribution and numbers of TH-IR neurons 
were identical to that described previously in noncolchicine- 
treated hamsters (Vincent, '88). 

In addition to the previously described dopamine-IR cells 
in MeP (Asmus et al., '921, dopamine-IR neurons were 
observed in the BNSTpm of colchicine-treated hamsters at  
the same level as the TH-IR cell group in this region (data 
not shown). However, no dopamine-immunostained cells 
were seen in the MPOA other than the classically described 
periventricular neurons (Hokfelt et al., '84). 

TH and AR colocalization in Me, BNST, 
and MPOA 

The distribution of AR immunostaining was similar to 
that described in studies utilizing steroid autoradiography 
(Doherty and Sheridan, '81; Wood et al., '92) or AR 
immunocytochemistry (Wood and Newman, '93a). The 
brain regions with the highest concentrations of AR-IR cell 
nuclei were the lateral septum, BNST, MPOA, cortico- 
medial amygdala, and hypothalamus. Colchicine administra- 
tion did not alter the pattern of AR immunostaining, and a 
comparison of the number of AR-IR cells in Me and BNST, 
areas in which colchicine enhanced TH immunostaining, 
revealed no significant differences between colchicine- and 
noncolchicine-treated hamsters (data not shown). 

In addition, sequential immunostaining for AR and TH 
did not affect the pattern of labeling for either of these 
antigens compared with tissues that had been stained for 
only a single antigen. In double-immunostained tissues, 
numerous neurons were immunoreactive for both TH 
(reddish-brown cytoplasm) and AR (black nucleus) (Fig. 
3A-C). Neurons immunostained for AR or TH alone were 
also observed in the same sections as double-labeled neu- 
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rons (Fig. 3D). The vast majority of AR-IR cells did not 
contain TH. In general, areas that contained TH-IR neu- 
rons and a high density of AR-IR neurons also exhibited a 
high percentage of colocalization. 

To determine the extent of colocalization, counts were 
made from colchicine-treated brains. Anterior levels of the 
amygdala contained AR-IR cells scattered throughout the 
corticomedial region. In MeA, an average of 33%, of the 
TH-IR neurons contained AR (Figs. 2A, 3D, 4). The poste- 
rior amygdala contained a high density of AR-IR cells, 
predominantly in MeP and the amygdalohippocampal area, 
and in MeP, 74% of the TH-IR neurons contained AR (Figs. 
2B, 3A,B, 4). Androgen receptor-containing cells were 
present throughout the subdivisions of the BNST, with the 
highest concentration in BNSTpm, where an average of 
79% of the TH-IR neurons contained AR (Figs. 2C, 3C, 4). 
The extent of colocalization in the BNSTpm was signifi- 
cantly greater than that in MeA but not different from that 
in MeP (Fig. 4). No double-labeled cells were seen in the 
BNSTpl, which possessed only a limited number of either 
TH- or AR-IR cells (Fig. 2C). The MPOA contained numer- 
ous AR-IR cells, primarily in the medial region. Immunola- 
beled nuclei formed a continuous band extending from the 
medial preoptic nucleus dorsoventrally to the preoptic 
extension of the BNSTpm (Fig. 2C,D). However, the major- 
ity of TH-IR neurons were present in the lateral region of 
the MPOA, and only 4% of these neurons contained AR 
(Figs. 2D, 4). In spite of the fewer number of TH-IR 
neurons in noncolchicine-treated brains, colocalization of 
TH and AR was also observed in the BNSTpm and MeP of 
these brains. 

Effects of castration on TH immunoreactivity 
In castrated hamsters that received T implants, the 

lengths of the androgen-sensitive flank glands (Giegel et al., 
'71) were not significantly different from those of intact 
animals at  any time after castration, indicating that the 
capsules were effectively releasing T. However, the flank 
glands of castrated hamsters without steroid replacement 
were significantly smaller than those in intact and T-re- 
placed, castrated hamsters at  all postcastration intervals 
(data not shown). Gross observation revealed that castra- 
tion greatly reduced seminal vesicle size, and this effect was 
reversed by T replacement. 

Analysis of MeA, MeP, BNSTpm, and MPOA at four 
times after castration revealed a substantial, yet transient, 
decrease in TH immunostaining only in MeA, while the 
number of TH-IR neurons in MeA of intact hamsters did 
not vary over time (Fig. 5). Four and 6 weeks after 
orchidectomy, the mean number of TH-IR neurons per 
section in MeA of castrated hamsters was significantly less 
than that of intact animals (Figs. 5, 6A). This effect was 
maximal 6 weeks after castration, at which time the 
number of immunolabeled neurons was 39% that of intact 
values. However, 12 weeks after castration, TH immuno- 
staining in MeA did not differ significantly between cas- 
trated and intact animals (Figs. 5, 6B). The number of 
TH-IR neurons in MeA of T-replaced, castrated hamsters 
was not significantly different from that of intact or cas- 
trated animals at  any time point and did not vary signifi- 
cantly over time (Fig. 5 ) .  

In MeP, no significant differences in TH immunostaining 
were observed between castrated, castrated plus T, and 
intact hamsters at any of the time points examined (Fig. 
7A). Furthermore, castration for 6 or 12 weeks did not alter 

the number of TH-IR neurons in the BNSTpm or the 
lateral MPOA (Fig. 7B,C). 

DISCUSSION 
Although immunostaining for estrogen and progestin 

receptors has been colocalized with several neurotransmit- 
ters or transmitter-synthesizing enzymes (Blaustein and 
Turcotte, '89; Axelson and van Leeuwen, '90; Herbison and 
Theodosis, '91; Warembourg and Poulain, '91; Axelson et 
al., '92; Kohama et al., '921, and the distribution of AR-IR 
cell nuclei has been described in the mammalian (Sar et al., 
'90; Clancy et al., '92; Wood and Newman, '93a) and avian 
(Balthazart et al., '92) brain, this study provides direct 
evidence for AR immunoreactivity in a specific, chemically 
defined group of neurons. Furthermore, three of the TH-IR 
cell groups in which these receptors are described (MeA, 
MeP, and BNSTpm) are outside the classically defined 
catecholamine systems (Hokfelt et al., '84) and may be 
unique to the Syrian hamster. 

The Syrian hamster is the only species in which TH-IR 
neurons have been described in Me (Davis and Macrides, 
'83; Vincent, '88; Asmus et al., '92). To our knowledge, the 
TH-IR cells in the BNSTpm are also species-specific. In the 
rat, Hokfelt et al. ('84) reported TH-IR neurons only in the 
rostral, ventral BNST, ventral to the body of the anterior 
commissure. These neurons were classified as part of the 
dorsal component of the A15 dopamine cell group and were 
described as continuous medially with the A14 periventric- 
ular neurons at more caudal levels. Additionally, cells in the 
lateral part of the posterior BNST in the rat express TH 
during development, but the number of these cells de- 
creases in the adult (Verney et al., '88; Mezey, '89). No 
reports have shown TH-synthesizing neurons in the encap- 
sulated region of the rat BNST, equivalent to the hamster 
BNSTpm. In contrast, the TH-IR cells described in the 
posterior, lateral MPOA appear to correspond to the ventral 
component of the A15 cell group observed in the rat MPOA 
(see Fig. 40 in Hokfelt et al., '84). 

Visualization of the three species-specific TH-IR cell 
groups (MeA, MeP, and BNSTpm) required the administra- 
tion of colchicine, which has been widely used as an 
axoplasmic transport inhibitor (Dahlstrom, '68) to enhance 
immunostaining for various neurotransmitters and related 
synthetic enzymes, including TH (Simerly et al., '85; Ki- 
tahama et al., '89; Kitahama et d., '90; Asmus et al., '92). 
However, several reports indicate that colchicine treatment 
may alter the mRNA levels for several neuropeptides 
(Cortes et al., '90; Ceccatelli et al., '91; Kiyama and Emson, 
'91; Rethelyi et al., '91) and transmitter-synthesizing en- 
zymes (Cortes et al., '90) in specific brain regions. Thus, it is 
possible that colchicine administration may have induced 
or increased the expression of TH mRNA in the TH-IR cell 
groups reported here, leading to false positivity. On the 
other hand, previous reports from other laboratories (Davis 
and Macrides, '83; Vincent, '88) as well as our own (Asmus 
et al., '92) have shown that, although fewer in number, 
TH-IR neurons are present in Me of noncolchicine-treated 
hamsters. Furthermore, in situ hybridization studies of Me 
in our laboratory with a radiolabeled, complimentary RNA 
probe have demonstrated TH mRNA-containing cells in both 
MeA and MeP of noncolchicine-treated hamsters (unpub- 
lished observations). After correcting for differences in sec- 
tion thickness, the distribution and number of TH mRNA- 
containing cells in these brain regions are similar to those 
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Fig. 2. Camera lucida tracings of coronal sections through MeA (A), 
MeP (B), BNST, and MPOA (C,D) of an individual animal. The left side 
of each drawing shows the distribution of TH-IR neurons (open circles) 
and cells double-labeled for both TH and AR (closed circles). Each circle 

represents one neuron. The right side of each drawing shows the 
distribution of AR-IR cells. Each dot represents approximately three 
AR-IR neurons. 

of the TH-IR neurons in colchicine-treated brains reported 
here. These findings support our interpretation that col- 
chicine inhibits the axoplasmic transport of TH, allowing 
its immunocytochemical detection. In addition, it is un- 
likely that colchicine caused widespread cell death in the 
chemosensory pathway. Zolovick et al. ('80) reported that 
injections of colchicine directly into the rat Me, while 

Fig. 1. Photomicrographs of TH-IR neurons in MeA (A), MeP (B), 
BNST (C), and MPOA (D). The rostro-caudal level of each of these 
areas corresponds to that in the tracing of the same letter in Figure 2 .  
Scale bar = 100 pm for A-C; 200 pm for D. 

reversibly disrupting sodium appetite, only produced cyto- 
logical damage comparable to that of saline injections. 

The lack of immunostaining for DBH and PNMT in all of 
the regions discussed above in both colchicine- (Asmus et 
al., '92) and noncolchicine-treated (Vincent, '88) hamster 
brains suggests that the forebrain TH-IR neurons de- 
scribed here do not produce norepinephrine or epinephrine. 
Dopamine-IR neurons were observed in the BNSTpm in the 
present study and in MeP in the present and previous 
studies (Asmus et al., '921, suggesting that the species- 
specific TH-IR neurons in these regions are dopaminergic. 
However, no dopamine-IR neurons were observed in the 
MPOA in the present study or in MeA here or in the 
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Fig. 4. Mean percentage (zSEM) of TH-IR neurons containing 
AR-IR cell nuclei in specific subdivisions of the chemosensory pathway. 
Bars with different superscripts are significantly different iP < 0.05). 
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Fig. 5. Mean number (?SEMI of TH-IR neurons per 40 bm section 
through MeA at specific times after castration. Within each time period, 
bars with different superscripts are significantly different ( P  < 0.05). 
The number within each bar represents the number of animals. 

previous report (Asmus et al., '92). Thus, the TH-IR 
neurons in the MPOA and MeA may either produce quanti- 
ties of dopamine that are below the level of detection with 
the present immunocytochemical technique, or they may 
synthesize only the immediate precursor of dopamine, 
L-DOPA, a neurotransmitter candidate. L-DOPA is re- 
ported to be an endproduct in some TH-IR cells that lack 
the enzyme aromatic amino acid decarboxylase (AADC), 
which converts L-DOPA to dopamine (Meister et al., '88; 
Okamura et al., '88; Kitahama et al., '90; Vincent and Hope, 

Fig. 3. Photomicrographs of TH-IR neurons (reddish-brown cyto- 
plasmic staining), AE-IR cells (black nuclear staining), and double- 
labeled cells. A: Cells single-labeled for AR and double-labeled for TH 
and AR are present in MeP. B: Higher magnification of double-labeled 
neurons that are shown in A. C: Double-labeled neuron in BNSTpm. D: 
Single-labeled TH-IR neuron in MeA. Scale bar = 50 )*m for A, 20 pm 
for B-D. 

'90; Mons et al., '911, and L-DOPA is released in a neuro- 
transmitter-like fashion (Goshima et al., '88; Nakamura et 
al., '92). Because the presently available antisera against 
AADC have not produced satisfactory immunostaining in 
our hands, we are currently unable to provide evidence as to 
whether the TH-IR neurons in the MPOA and MeA synthe- 
size AADC. This issue awaits further study. 

The distribution of the four specific TH-IR cell groups in 
MeA, MeP, BNSTpm, and MPOA is particularly interesting 
in view of the differences in functions and connections of 
these four subnuclei in the chemosensory pathway. Both 
gonadal hormones (Beach and Pauker, '49; Whalen and 
DeBold, '74; Morin and Zucker, '78; Lisk and Bezier, '80; 
Powers et al., '85) and chemosensory stimulation (Murphy 
and Schneider, '70; Devor, '73; Powers and Winans, '75) are 
essential for mating behavior in the male hamster, and the 
presence of gonadal steroid-accumulating neurons in the 
chemosensory pathway has been well established (Krieger 
et al., '76; Doherty and Sheridan, '81; Wood et al., '92). 
Within this pathway, however, connections of the nuclear 
subdivisions suggest that there may be distinguishable 
"chemosensory" and "hormonal" circuits (Gomez and 
Newman, '92). For example, MeA, which receives substan- 
tial vomeronasal and olfactory input (Kevetter and Winans, 
'81; Lehman and Winans, '82) and contains only a moder- 
ate number of steroid-concentrating cells (Wood et al., '92), 
projects specifically to the BNSTpi and to the lateral part of 
the MPOA (Gomez and Newman, '92). Conversely, MeP, 
which is densely populated with steroid-concentrating cells 
(Krieger et al., '76; Doherty and Sheridan, '81; Wood et al., 
'92) and receives only a small, direct vomeronasal input 
(Lehman and Winans, '821, projects to the BNSTpm and to 
the medial part of the MPOA (Gomez and Newman, '921, 
both of which contain substantially more steroid-accumulat- 
ing cells than the adjacent lateral regions (Wood et al., '92). 
Therefore, regions receiving direct chemosensory input are 
linked anatomically with each other while the same is true 
for predominantly steroid-concentrating regions. Addition- 
ally, lesions of anterior (Lehman et al., '80; Lehman and 
Winans, '821, but not posterior (Lehman et al., '83), Me in 
the male hamster completely eliminate mating behavior 
and severely reduce chemoinvestigatory behavior. 

The data presented here suggest that the chemosensory 
and hormonal parts of this pathway may also differ neuro- 
chemically. The chemosensory regions that contained TH-IR 
neurons, MeA and lateral MPOA, lacked dopamine-IR cells, 
suggesting that these neurons may either produce rela- 
tively low amounts of dopamine or they may produce 
L-DOPA as an endproduct, while the subdivisions of the 
hormonal circuit, MeP and BNSTpm, displayed dopamine 
immunoreactivity . 

As expected, regions previously shown to have the high- 
est density of gonadal steroid-accumulating cells displayed 
the greatest percentage of TH and AR colocalization. At 
least three-fourths of the TH-IR neurons in MeP and 
BNSTpm contained AR, indicating that the majority of 
TH-IR neurons in these areas can directly receive hormonal 
information. We hypothesized, therefore, that castration 
would influence TH production in these neurons. However, 
the results of this experiment demonstrated that immuno- 
stainable levels of TH in these regions were not altered 
after castration, suggesting that TH synthesis in these cells 
may not be directly regulated by AR. Although subtle 
changes in TH levels may not have been detected with 
immunocytochemistry, these results suggest that gonadal 
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Fig. 6. Photomicrographs of TH immunostaining in MeA 6 (A) and 12 (B) weeks after castration. Scale 
bar = 100 p m  for A and B 

hormones regulate other genes in addition to, or instead of, 
the TH gene in these cells. 

In contrast, fewer TH-IR neurons in the "chemosensory 
circuit," MeA and lateral MPOA, contained AR, but re- 
moval of gonadal hormones for 4 to 6 weeks resulted in a 
dramatic decrease in the number of TH-IR neurons in MeA. 
This demonstration of hormonal influences on neurons in 
the hamster MeA is surprising, because this area has 
relatively fewer gonadal steroid-accumulating cells than 
other steroid-accumulating regions (Wood et al., '921, and 
previous castration-induced effects in the hamster and rat 
have been observed only in areas of this pathway that con- 
tain abundant steroid receptors, including MeP, BNSTpm, 
and medial MPOA (Simerly and Swanson, '87; Simerly, '90; 
Gomez and Newman, '91; Swann and Newman, '92). The 
previously reported evidence that MeA receives substantial 
chemosensory input (Kevetter and Winans, '81; Lehman 
and Winans, '82) and the data presented here, that MeA 
responds to changes in gonadal hormone levels, support the 
interpretation of lesion studies (Lehman et al., '80; Lehman 
and Winans, '82) that this specific brain region integrates 
chemosensory and hormonal information essential for mat- 
ing behavior in the male hamster. 

Although the present study did not address potential 
transcriptional and/or translational modifications of TH 
production, we interpret the decrease in the number of 

TH-IR neurons in MeA to reflect a decrease in TH synthe- 
sis. Gonadal steroids have been shown to regulate TH 
mRNA and protein synthesis in other brain regions (Mor- 
re11 et al., '89; Simerly, '89; Pasqualini et al., '91; Sanghera 
et  al., '91; Liaw et al., '92). Additionally, colchicine treat- 
ment of all experimental groups presumably negated any 
castration-induced effects on axonal transport. 

Because one-third of the TH-IR neurons in MeA con- 
tained AR, some of the decrease in TH immunostaining 
following castration may be a direct result of the loss of 
androgenic stimulation of TH gene expression. However, 
castration resulted in the loss of 61% of the TH-IR neurons. 
Thus, it seems likely that at  least some, and perhaps all, of 
the TH-IR neurons in MeA that did not contain AR were 
influenced by castration. Determining whether the TH-IR 
neurons remaining in 4- and 6-week castrated hamsters 
contain AR is difficult, because orchidectomy decreases the 
intensity of AR immunostaining and shifts the receptor 
immunoreactivity from a nuclear to a predominantly cyto- 
plasmic domain (Wood and Newman, '93b). Thus, colocaliza- 
tion of cytoplasmic AR and TH is impossible with the 
double immunoperoxidase technique used here and will be 
addressed in future studies. 

As an alternative explanation to that of direct androgenic 
stimulation of TH gene expression, the neurons in MeA 
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Fig. 7. Mean number (5SEM) of TH-IR neurons per 40 km section 
through MeP (A), BNSTpm (B), and MPOA (C) at specific times after 
castration. No significant differences were found between any of the  
groups at any time after castration. The number within each bar 
represents the number of animals. 

that lose their TH immunostaining may be affected directly 
by hormonal metabolites of testosterone or indirectly by 
synaptic input. Direct hormonal effects might be mediated 
through estrogen receptors in the TH-IR neurons in MeA. 
The hamster Me contains aromatase (Hutchison et al., '91) 
as well as estrogen receptors (Krieger et al., '76; Wood et al., 
'92). Thus, TH-IR neurons in MeA could be influenced by 
castration through the loss of estradiol provided by aroma- 
tization of testosterone, although, like AR, the highest 
density of estrogen receptors is found in MeP (Wood et al., 
'92). Alternatively, TH synthesis in MeA might be regu- 
lated by synaptic input (Zigmond, '85; Kilbourne et al., '92) 
from steroid receptor-containing cells located in this or 
other brain areas. 

Surprisingly, the number of TH-IR neurons in MeA 
returned to intact values 12 weeks after castration, suggest- 
ing that the decrease in TH immunostaining observed 4 and 
6 weeks after castration was not due to cell death. This 
transient effect, although unusual, is not unprecedented. 
Almeida et al. ('92) reported that hypothalamic p-endor- 
phin levels were significantly altered 1 week after castra- 
tion but returned to control values 4 weeks after gonadec- 
tomy. One possible explanation for the return of TH 
immunostaining in MeA is that reorganization of synaptic 
input may occur after long periods of hormone withdrawal. 
According to this hypothesis, the initial response to castra- 
tion might be due to the loss of synaptic input from steroid 
receptor-containing cells onto the TH-IR neurons, followed 
by the establishment of novel connections from steroid- 
independent neurons. This reinnervation could provide 
input to the TH-IR neurons sufficient to drive TH produc- 

tion. Synaptic reorganization in the adult brain in response 
to gonadal steroid manipulation has been well documented 
(Arnold, '90; Matsumoto, '91). 

Because mating behavior is essentially lost 12 weeks after 
castration (Morin and Zucker, '78) when TH immunostain- 
ing has returned to normal, it would appear that the TH-IR 
neurons in MeA are not crucial to mating. However, if, as 
hypothesized above, hormone-independent synaptic activ- 
ity from newly formed connections reinstates TH produc- 
tion in MeA in long-term castrates, this input may not be 
properly coding information relevant to mating behavior. 
In this case, although TH immunostaining appears normal, 
these neurons may no longer be receiving and transmitting 
the signals necessary for mating to occur. 

At present, the function of the TH-IR neurons in the 
chemosensory pathway is unknown. Although they may be 
involved in circuits underlying nonreproductive functions 
such as salt intake (Schulkin et al, '89) and aggression 
(Vochteloo and Koolhaas, '87), the data presented here 
indicate that specific subgroups of these cells contain AR 
and that the majority of TH-IR cells in MeA are influenced 
by gonadal hormones. Thus, as a population, the TH-IR 
neurons in this pathway may be involved in the processing 
of hormonal signals that are required for male hamster 
chemoinvestigation (Powers et al., '85) and copulation 
(Beach and Pauker, '49; Whalen and DeBold, '74; Morin 
and Zucker, '78; Lisk and Bezier, '80; Powers et al., '85). 
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