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Abstract
The posterodorsal medial amygdala (MeApd) and principal nucleus of the bed nucleus of the stria
terminalis (pBST) are densely interconnected sites integrating steroid hormone and olfactory
information necessary for sociosexual behaviours in many rodents. Our laboratory recently
reported sexually dimorphic populations of cells containing tyrosine hydroxylase (TH) located in
the MeApd and pBST of prairie voles (Microtus ochrogaster), with males having many more TH-
immunoreactive (TH-ir) cells in these sites than do females. We also found that gonadal hormones
circulating during adulthood regulated this sex difference, as it was eliminated by castrating adult
males or implanting females with testosterone-filled capsules. We here demonstrate that many
(25-65%) of TH-ir cells in the MeApd and pBST of both sexes of adult virgin prairie voles also
contain immunoreactivity for either the androgen receptor (AR) or oestrogen receptor alpha
(ERα). Subcutaneous implants of oestradiol benzoate (EB) mimicked the effects of testosterone
(T) and maintained high numbers of TH-ir cells in these sites in castrated males. However,
implants of dihydrotestosterone (DHT) did not, and these males had low numbers of TH-ir cells
similar to castrated males given empty capsules. A similar effect was found in females, where T or
EB greatly increased the number of TH-ir cells in these sites compared to intact or ovariectomized
controls, but DHT did not. DHT implants did maintain high seminal vesicle weights in males,
though. Thus, many of the TH-ir cells in the prairie vole MeApd and pBST are potentially
sensitive to androgens and oestrogens, but maintaining immunocytochemically detectable levels of
TH in these cells may depend more on an oestrogen-mediated mechanism in both sexes. These
data have implications for understanding how gonadal hormone release across the reproductive
cycle modulates species-specific groups of catecholaminergic cells and socially monogamous
behaviours in prairie voles.
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The medial amygdala (MeA) is one component of a densely interconnected, steroid
hormone-sensitive network of brain sites regulating an array of sociosexual behaviours in
rodents (1). Numerous subregions of the MeA receive direct projections from the main
olfactory bulbs, the accessory olfactory bulbs, or both (2-6), and this chemosensory input is
requisite for appropriate social interactions. In male rats, large lesions of the MeA suppress
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non-contact erections, alter copulation rate, or severely inhibit copulation in toto (7-10). In
female rats, MeA lesions reduce their preference for odors of gonadally intact males over
those of castrated males (11) and alleviate the olfactory suppression of maternal behaviours
(12). In male and female hamsters, MeA lesions impair social odor recognition, social odor
preferences, and/or copulatory behaviours (see 1,13). The MeA projects broadly within and
outside the sociosexual behaviour network, but of particular interest are its projections to the
bed nucleus of the stria terminalis (BST). The BST of laboratory rats and hamsters receives
some of the densest projections emanating from the MeA (14,15), and in some species also
receives limited projections directly from the accessory olfactory bulb (3,5,16). Because of
their dense connections with each other, similar projections to other areas of the sociosexual
network, and olfactory processing abilities, the MeA and medial BST are considered by
some to be components of a continuous neural structure termed the “extended olfactory
amygdala” (17). Not surprisingly, then, the BST is also implicated in the social behaviours
in rodents (18-21).

Prairie voles (Microtus ochrogaster) have become an important rodent model in which to
study the neural networks involved in the olfactory and steroid hormone control of social
behaviours because their social organization differs from most rodents, and even most
mammals. In either wild or laboratory settings prairie voles are highly gregarious, socially
monogamous after mating, and biparental towards their offspring (22). Neural sites
mediating their unusual social behaviours include many of the sites traditionally involved in
the more typical social behaviours of other rodents, including the MeA and BST. Indeed,
lesions encompassing the MeA decrease general social contact and paternal behaviours in
male prairie voles (23), while exposure to conspecific urinary cues, cohabitation with or
without mating, or interactions with pups increase immediate-early gene (IEG) expression in
both the MeA and BST (24-28). Although many of the same neural sites are involved in the
social behaviour of prairie voles as in other rodents, it has often been suggested that species
differences in neurochemistry underlie species differences in social structure and
behaviours. In support, the distribution and density of receptors for oxytocin, vasopressin,
corticotrophin-releasing hormone, and some gonadal steroids differ between monogamous
voles and non-monogamous rodents, and their social behaviours are dramatically altered by
manipulating these systems (29).

In addition to neuropeptides and hormones, central dopamine (DA) systems differ between
monogamous and non-monogamous voles. Research has focused on the mesolimbocortical
system, where prairie voles have higher D2 receptor expression in the medial prefrontal
cortex and lower D1 receptor expression in the medial prefrontal cortex and nucleus
accumbens than do meadow voles (30,31). Furthermore, mating increases DA release in the
nucleus accumbens of both male and female prairie voles, which is necessary for the
establishment and maintenance of pairbonds (32), but this release does not occur in non-
monogamous voles (32). The existence of species differences in dopamine systems outside
the mesolimbocortical system are not often investigated, but could also be expected to
contribute to species differences in social behaviour. Our laboratory has described an
interesting species difference in the catecholamine innervation of the MeA and BST. We
find that prairie voles have hundreds of cells and a dense plexus of fibres containing tyrosine
hydroxylase (TH – the rate-limiting enzyme necessary for catecholamine release) centered
in the posterodorsal MeA (MeApd) and principal nucleus of the BST (pBST), but relatively
few or none of these cells exist in the MeApd and pBST of the non-monogamous species
examined (laboratory rats, hamsters, and meadow voles) (33). Because these cells do not
contain dopamine-beta-hydroxylase (DBH), they are probably not noradrenergic and instead
may be a unique dopaminergic pathway influencing social behaviours in prairie voles.
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Not only is there a species difference in TH-immunoreactive (TH-ir) cells in the extended
olfactory amygdala, but also a sex difference in prairie voles. Males have hundreds of these
cells in both the MeApd and pBST, while females have relatively few TH-ir cells in these
sites and most of these cells are weakly immunoreactive. This sex difference is almost
completely generated by sex differences in circulating gonadal hormones during adulthood,
because we found that castrating adult male prairie voles reduced the number of TH-ir cells
in both sites to the low levels found in unmanipulated females, while giving ovariectomized
female prairie voles a subcutaneous implant of testosterone raised the number of TH-ir cells
in the MeApd and pBST almost to the level found in gonadally intact males (33). It is well
understood that testosterone can affect neural function by acting as either an androgen or an
oestrogen, depending on the route of its intracellular metabolism and a cell's sensitivity to
these metabolites conferred through expression of androgen and oestrogen receptors. Similar
to other rodents, the prairie vole MeA and BST express oestrogen receptors and androgen
receptors (34,35). Understanding how changes in circulating gonadal hormones in adult
prairie voles could affect the number and function of TH-synthesizing cells of the MeApd
and pBST, and the social behaviours relying on these cells in prairie voles, requires a better
understanding of the sensitivity of these cells to androgens and oestrogens. To accomplish
this, we examined immunoreactivity for androgen receptors (ARs) and oestrogen receptor
alpha (ERα) within the TH-ir cells of the adult male and female prairie vole extended
olfactory amygdala. We then examined whether the ability of exogenous testosterone (T) to
maintain the number of TH-ir cells in castrated male prairie voles, and greatly increase the
number of these cells in female prairie voles, could be reproduced by either the non-
aromatizable androgen, dihydrotestosterone (DHT), or by oestradiol benzoate (EB).

Methods
Experiment 1 - Expression of AR and ERα within TH-ir cells of the MeApd and pBST

Subjects—Male and female prairie voles (Microtus ochrogaster) were born and raised in
our colony, from breeding stock that originated from offspring of voles originally captured
in 1994 in Urbana, Illinois and brought to Michigan State University in 2002. Animals were
maintained on a 14:10-hour light: dark cycle with an ambient temperature maintained at
21°C. At all ages, animals were housed in clear plastic cages (48 × 28 ×16 cm) containing
wood chips, wood shavings, and a substantial hay covering. Voles were freely given water
and a food mixture containing cracked corn, whole oats, sunflower seeds, and rabbit chow
(Tekland rodent diet No. 2031) in a ratio of 1:1:2:2. Pups were weaned from their parents at
20 days of age, placed in mixed-sex sibling groups and housed in these groups until they
were 60-95 days old. Voles were then separated into same-sex sibling groups approximately
a week before being used in an experiment. Female prairie voles are induced ovulators and
subject to incest avoidance (see 22), so were in a chronic state of low ovarian hormone
exposure at the time of sacrifice for Experiment 1 and before being ovariectomized and
implanted with an empty or hormone-filled capsule in Experiment 2. All procedures were in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 80–23) and the Institutional Animal Care and Use Committee
at Michigan State University.

Tissue Collection and Immunocytochemistry—Adult virgin males and females (ns =
7-9/sex) from our colony were taken from their home cages and immediately received an
overdose of anaesthetic cocktail containing ketamine (62.5 mg/kg), xylazine (7.5 mg/kg),
and acepromazine (0.8 mg/kg) and were perfused with 100 mL 0.9% saline followed by 100
mL of a solution of 5% acrolein/4% paraformaldehyde in sodium phosphate buffer (NaPB;
pH = 7.6). Brains were removed and post-fixed for 24 hr in 5% acrolein/4%
paraformaldehyde. Brains were then submerged in a 20% sucrose/NaPB solution for at least
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2 days before cut into 40-μm sections with a freezing microtome. Every other section
through the brains was first processed for either ERα- or AR-immunoreactivity and then
these sections were all processed for TH-immunoreactivity. The ERα+TH and AR+TH dual-
label immunocytochemical procedures were similar to that previously described (36,37).
Sections were rinsed in 0.05 M potassium phosphate buffered saline (KPBS; pH = 7.6) prior
to and following 10-min incubations in 1% sodium borohydride in KPBS and 0.5%
hydrogen peroxide in KPBS. They were then blocked in 20% normal goat serum and 0.3%
Triton X-100 in KPBS for 30 min, and then incubated with either a biotinylated rabbit anti-
ERα polyclonal antiserum (C1355; 1:15,000; Upstate Biotechnology) or a biotinylated
rabbit anti-AR antiserum (N-20, sc-816; 1:10,000; Santa Cruz Biotechnology) in 0.3%
Triton-X-KPBS for one hour at room temperature and then for approximately 40 hr (ERα) or
64 hr (AR) at 4°C. Sections were then rinsed in KPBS prior to and following a 60-min
incubation in an anti-rabbit secondary antiserum in 0.3% Triton-X-KPBS. They were then
rinsed and incubated for 60-min in an avidin-biotin complex (Vectastain Elite, Vector
Laboratories), rinsed, and then incubated in a solution containing 3-3′-diaminobenzadine
(DAB), which provided a dark brown nuclear label. Sections were then rinsed and blocked
again with 20% normal goat serum in 0.3% Triton-X-TBS, and incubated in a rabbit primary
antiserum raised against TH (AB152; 1:2000; Chemicon) in 2% normal serum and 0.3%
Triton-X-TBS overnight at room temperature as previously described (27,33). Sections were
rinsed three times in TBS, incubated in a biotinylated goat anti-rabbit secondary antiserum
(1:500; Vector Laboratories, Burlingame, CA) in 0.3% Triton-X and 2% NGS, rinsed three
times in TBS, and incubated with avidin-biotin complex (Vectastain Elite, Vector
Laboratories) for 60 minutes. After rinsing three times with TBS, TH immunoreactivity was
visualized with Vector SG (Vector Laboratories) according to the manufacturer's
instructions, which provided a light blue cytoplasmic label. Sections were mounted on
microscope slides, dehydrated, and coverslipped. Immunocytochemical control procedures
included omission of the primary or secondary antisera, which abolished specific labelling.
Single, but separate, immunocytochemical runs were used to visualize AR-TH and ERα-TH.

Tissue and Data Analyses—Slides were coded and analyzed by one person (BLC)
using a Nikon E400 microscope at 200× magnification with the aid of a reticle placed in one
of the ocular lenses. The number of cells containing detectable TH immunoreactivity was
counted by eye. The pBST was analyzed bilaterally from two consecutive sections in the
series through the middle and caudal pBST, roughly corresponding to plates 20-22 of
Swanson's atlas of the rat brain (38), which is where the most TH-ir cells in the pBST are
found. The three sections through the MeApd with the most TH-ir cells were examined,
beginning with the section roughly corresponding to plate 28 of Swanson's rat atlas (38) and
ending approximately at the level corresponding to atlas plate 30. There were few or no TH-
ir cells rostral or caudal to the chosen sections in either sex and the rostrocaudal levels
containing the maximum number of TH-ir cells was similar between the sexes. As with our
previous analyses of these cell groups (27,33), the quantification included any TH-ir cells
found close to, but possibly outside, the traditional boundaries of the pBST or MeApd
described in other rodents.

The number of cells singly labelled with TH-ir, and double labelled with TH-ir and either
AR-ir or ERα-ir, were totaled for each subject and this total used for statistical analyses.
Cells were considered double labelled when dark brown labelling for AR or ERα in the
nucleus was surrounded by blue cytosolic labelling for TH. Unpaired t-tests were used to
compare the sexes in the number of TH-ir cells, and the percentage of TH-ir cells that were
double-labelled with either AR or ERα. The relevant sections of the MeApd of one male
were lost during immunocytochemical processing for TH- and ERα-ir, and the same was
true for one female during immunocytochemical processing for TH- and AR-ir, resulting in
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accordingly reduced sample sizes for those analyses. Statistical significance was indicated
by p < 0.05.

Experiment 2 - Androgenic and oestrogenic effects on the number of TH-ir cells in the
MeApd and pBST

Gonadectomy and Hormone Treatment—Adult virgin male and females voles from
our colony were anesthetized with an intraperitoneal injection of anesthetic cocktail (see
above) and males received a sham surgery in which testes were visualized but not removed,
or were castrated via a midline incision to the scrotum. Females received a sham surgery
where ovaries were visualized but not removed or were ovariectomized via a ventral midline
incision. Both male and female sham animals received a subcutaneous implant of an empty
silastic capsule (Sham; 2.5-cm-long, 0.62 mm inner diameter, 0.95 mm outer diameter;
VWR, West Chester, PA) in the nape of their neck. The remaining male and female subject
were implanted with a silastic capsule of the same diameter containing nothing (GDX, 2.5-
cm-long), crystalline T (2.5-cm-long), EB (0.5-cm-long), or DHT (1.0-cm-long). Capsules
of these sizes containing T and EB were chosen because they provide hormone levels that
maintain masculine and feminine neurobehavioural characteristics in prairie voles (37). The
length of the DHT capsule was based on its ability to maintain precopulatory behaviour and
seminal vesicle weight in castrated laboratory mice (39), which are similar in weight to
prairie voles. Sample sizes were 8-11 animals per sex in each hormone treatment group.

Tissue Collection and Immunocytochemistry—Voles were overdosed with
anesthetic cocktail three weeks after surgery and perfused with saline followed by 4%
paraformaldehyde in NaPB (pH = 7.6). Seminal vesicles were removed from a group of
randomly selected males and weighed immediately before perfusion to verify hormone
presence or absence. Brains were removed after perfusion, post-fixed overnight in 4%
paraformaldehyde in NaPB, then submerged in a 20% sucrose/NaPB solution before
sectioning into 40-μm sections with a freezing microtome. Single-label ICC for TH was
performed on every other section through the brain as previously described (33). Briefly,
sections were rinsed three times for 5 minutes each in Trisma-buffered saline (TBS; pH 7.6),
incubated in 0.1% sodium borohydride for 15 min, rinsed three times in TBS, incubated in
0.3% Triton X-100 and 1% hydrogen peroxide in TBS for 10 min, rinsed three times in
TBS, blocked with 20% normal goat serum in 0.3% Triton X in TBS for 15 min, and then
incubated with a rabbit anti-tyrosine hydroxylase polyclonal primary antiserum (AB152;
1:2,000; Chemicon, Temecula, CA) in 0.3% Triton X and 2% NGS in TBS at room
temperature for approximately 18 hr. From that point, TH-immunochemical procedures
were identical to those described in Experiment 1. Two immunocytochemical runs were
used, with a similar number of male and female subjects from each treatment group included
in each run.

Tissue and Data Analyses—Data were analyzed using one-way ANOVAs for each sex
for each of the two brain sites analyzed. A one-way ANOVA was also used to analyze
seminal vesicle weights in males. ANOVAs were followed by Fisher's LSD post-hoc tests to
compare individual groups. Statistical significance was indicated by p < 0.05.

Results
Experiment 1 - Expression of AR and ERα within TH-ir cells of the MeApd and pBST

TH/AR—As expected (33), males had more TH-ir cells in the MeApd (t12 = 3.25, p =
0.007) and pBST (t13 = 6.18, p = 0.0001) than did females (Table 1). Consistent with their
higher number of all TH-ir cells, males also had more TH-ir cells that contained AR-ir than
did females in both the MeApd (t12 = 3.18, p = 0.008) and pBST (t13 = 4.16, p = 0.001;
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Table 1, Figure 1). Although the raw number of dual-labelled cells greatly differed between
the sexes, the percentage of TH-ir cells that contained AR-ir did not differ between the sexes
in either the MeApd (∼65%; t12 = 0.08, p = 0.939) or pBST (∼50-60%; t13 = 0.89, p =
0.387; Table 1).

TH/ERα—Similar to above, males had more TH-ir cells in the MeApd (t13 = 3.91, p =
0.0018) and pBST (t14 = 5.36, p = 0.0001) than did females (Table 2). Males also had more
TH-ir cells that contained ERα-ir than did females in both the MeApd (t13 = 4.76, p =
0.0004) and pBST (t14 = 5.88, p = 0.0001; Table 2, Figure 2). The sexes did not differ in the
percentage of TH-ir cells that contained ERα-ir in the MeApd (∼30-40%; t13 = 1.20, p =
0.250), but they did differ in the pBST, with males having a significantly greater percentage
of TH-ir cells that were also ERα-ir than did females (∼60 vs. 25%; t14 = 4.53, p = 0.0005;
Table 2).

Experiment 2 - Androgenic and oestrogenic effects on the number of TH-ir cells in the
MeApd and pBST

Hormone manipulations significantly affected the number of TH-ir cells in the MeApd and
pBST of both sexes. Castrating males significantly reduced the number of TH-ir cells in the
MeApd (F(4,41) = 4.45, p = 0.004; Figures 3) and pBST (F(4,41) = 6.15, p = 0.0006;
Figures 3, 4), while a high number of cells was maintained in castrated animals given
capsules filled with T, as reported previously (33). Similar to the effects of T-filled capsules,
EB also maintained a high number of TH-ir cells in both sites in castrated males at levels
similar to that found in gonadally intact males. Notably, DHT did not produce this effect,
and these males had as few TH-ir cells as that found in castrates that received an empty
capsule. Seminal vesicle weights significantly differed among the groups of males (F(4,36)
= 3.69, p = 0.013; Table 3). Castrated males had the lightest seminal vesicles, but intact
males or castrated males receiving either T or DHT had the highest. Castrated males that
received EB had intermediate seminal vesicle weights that did not significantly differ from
any other group.

In females, ovariectomy had no significant effect on the already low number of TH-ir cells
in the MeApd (F(4,45) = 6.31, p = 0.0004; Figure 5) or pBST (F(4,45) = 11.63, p = 0001;
Figures 4, 5), while capsules filled with T had the expected effect of notably increasing the
number of TH-ir cells in ovariectomized females in both sites (33). Similar to males, EB-
treated females had a high number of TH-ir cells in the MeApd and pBST, reaching levels
similar to what was found in females receiving T. DHT did not produce this effect, and the
number of TH-ir cells in DHT-treated females was similar to that found in both the sham-
operated females and ovariectomized females that did not receive hormone.

Discussion
The prairie vole is an invaluable rodent in which to study the neurobiology of sociality
because they are highly gregarious, pairbond after mating, and are biparental (22). An
abundance of research demonstrates that species differences in neurochemistry underlie
some species differences in social behaviors (29). Our lab has shown that the prairie vole
MeApd and pBST are remarkable because unlike any other mammal studied to date, these
sites contain hundreds of cells densely immunoreactive for TH. TH-synthesizing cells do
exist in the extended amygdala of adult Syrian hamsters, but these cells are not in the same
MeA and BST locations as the TH-ir cells in prairie voles, and the TH content in the
hamster MeA and BST is so low under basal conditions that it is immunocytochemically
undetectable in all but a few cells (40,41). Other studies have described cells synthesizing
immunocytochemically detectable levels of TH in the central amygdala and lateral BST of
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laboratory rats, but most of these cells only transiently produce TH and are undetectable by
the time rats are 50 days old (42). The existence of a large number of cells in the MeApd
and pBST of adult prairie voles containing high levels of TH indicates that these cells could
be unique participants in extended amygdalar function in this species, including integration
of steroid hormone and olfactory signals necessary for the display of monogamous
behaviours such as pairbonding and biparental care.

We found that a substantial number of TH-ir cells in the MeApd and pBST of both sexes
contained AR or ERα, potentially rendering these cells sensitive to androgens and
oestrogens. We do not know if the same TH-ir cells express both AR and ERα, but such co-
localization is common in cells of unknown chemical phenotype in the male rat and hamster
MeApd and pBST (43,44) and could permit synergistic effects of these steroids on TH cell
activity. Expectedly, we found that not all TH-ir cells were immunoreactive for AR or ERα,
and in both sites the expression of each hormone receptor occurred in up to ∼65% of TH-ir
cells. This is similar to that found in hamsters treated with colchicine to increase TH in the
MeA and BST to detectable levels, where 75-80% of TH-ir cells contain AR (41). We also
found a significant sex difference in the percentage of TH-ir cells in the pBST also labelled
with ERα, which was lower in females compared with males (23% vs. 60% of TH-ir cells).
This male bias is not due to an overall sex difference in ERα-ir in the pBST, because we find
no sex difference in prairie voles from our colony in the number of pBST or MeApd cells
(of any chemical phenotype) containing ERα-ir (37), and others who find of a sex difference
in ERα in these sites find it in favor of female prairie voles (34). In any case, it may be
prudent to consider the relevance of this finding negligible, because females have so few
TH-ir cells in the pBST in the first place (average of 11 TH-ir cells) that even one or two
additional dual-labelled cells in each female could have eliminated this apparent sex
difference in the percentage that contain ERα.

In the second experiment, we again found that the number of TH-ir cells in the MeApd and
pBST of adult prairie voles is tremendously affected by circulating gonadal hormones (33).
In males, castration greatly reduced the number of TH-ir cells in these sites, while capsules
filled with T maintained a high number of these cells. Females treated with T had an
increased number of these cells that approached levels found in gonadally intact males.
These effects of T are unique to the MeApd and pBST, because we do not find them in
numerous other TH-containing cells groups in the prairie vole forebrain (33,45). Another
unique aspect of these potent hormone effects in male prairie voles is related to the fact that
castrated male hamsters treated with colchicine show fewer TH-ir cells in the anterior MeA
(but not the posterior MeA or BST) compared to intact controls, but this castration effect
cannot completely be reversed by T-filled implants (41). An important new finding from the
present study was that EB produced effects almost identical to those of T in both sexes of
voles. This suggests that many of the TH-ir cells in the MeApd and pBST probably contain
aromatase, which is found in abundance in these brain sites in other rodents (46,47).
Treating T- or EB-implanted voles with an aromatase inhibitor or ER receptor antagonist
would help clarify the mechanisms underlying how these hormones each stimulate high TH
immunoreactivity in these cells. Even so, the similar effects of T and EB strongly suggests
that ER activity is required for the integrity of these species-specific populations of
catecholaminergic cells, ones we believe are involved in prairie voles' unique monogamous
behaviours (see 27,33 and discussion below). However, work from the Cushing laboratory
leads to the conclusion that high ERα expression in the MeA and BST is inconsistent with
monogamous behaviours in voles and other rodents (34,36) and they have elegantly
demonstrated that increasing ERα expression in the MeA reduces male prairie voles'
alloparental behaviour and preferences for a familiar female (48). It is challenging to
reconcile how ERα could both promote and inhibit monogamous behaviours, unless it
depends on the locus of ERα expression and activity. A broad increase in ERα activity in
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many types of cells in the MeApd and pBST may suppress monogamous behaviours, but
more restricted ERα activity within TH-ir cells may promote these social behaviours in
prairie voles. It would be difficult to imagine circulating gonadal hormones targeting just the
TH/ERα-ir cells in these sites, as opposed to all ERα-containing cells, so it may be that ERα
activity specifically in TH-ir cells helps counter the monogamy-suppressing effects of more
generalized ERα expression and activity in the prairie vole MeApd and pBST.

In contrast to EB, DHT did not reproduce the effects of T on the number of TH-ir cells in
the MeApd or pBST. Given that Experiment 1 revealed more TH-ir cells containing AR
immunoreactivity than ERα immunoreactivity (∼60% vs. ∼40%, collapsed across sex and
site), this lack of an effect is surprising. This is probably not due to insufficient hormone
provided by the capsules because males' seminal vesicle weights were maintained at control
levels by the DHT-filled implants. Instead of having no function at all, it is more
conceivable that AR activity does influence TH-associated and other processes of these
cells, but not whether they contain immunocytochemically detectable levels of TH. The
inability of DHT to reproduce the effects of T on TH immunoreactivity in the adult brain has
been previously observed (e.g., 49,50), but analyzing TH mRNA may have revealed a more
subtle effect of DHT at the level of transcription.

The present studies do not address the source of hormone-induced increases in TH-ir cells,
nor the fate of the cells that apparently “disappear” after hormone deprivation. The increase
could result from steroid hormone induced neurogenesis, which occurs in the female prairie
vole MeA after cohabitation and mating (51). These events are associated with increased
ovarian function, but this as a prerequisite for increased TH-ir cells is tempered by the
finding that neurogenesis does not occur in the MeA of unmated female prairie voles treated
with exogenous oestradiol (35). Instead of being additional cells, the newly appearing TH-ir
cells in our gonadectomized females and males treated with hormones may always exist and
have the capacity to produce TH, but remain relatively dormant until being stimulated by
testosterone, oestradiol, or other factors to upregulate TH mRNA transcription and/or
protein translation sufficient enough to detect this enzyme imunocytochemically. Indeed, the
AR and ERα can each act on the promoter region of the rat TH gene to modulate its activity
(52,53). On the other hand, low levels of TH-ir cells in unmanipulated females and the
apparent loss of TH-ir cells after adult castration in males is probably due to TH mRNA or
protein downregulation. In castrated males, it may also result from increased expression of
apoptotic genes that eventually contribute to death of these cells when animals are deprived
of gonadal hormones (54,55). Evaluating these possibilities would be useful and will require
an analysis of total cell numbers, as well as neurogenesis and apoptotic cell profiles, in the
MeApd and pBST of voles in different gonadal hormone conditions.

Our data demonstrating hormone-mediated plasticity in the extended olfactory amygdala of
adult prairie voles are reminiscent of studies on other rodent species. Castrating adult male
rats or mice significantly reduces MeApd volume and soma size (56), and a similar effect is
found on posterior MeA soma size and dendritic branching in male hamsters (57). Castrating
male rats also reduces the volume of their pBST (58). There are species differences in how
hormones can maintain the integrity of these sites post-castration, with the reduction in
MeApd soma size in castrated rats prevented by EB, DHT, or their combination, but neither
hormone prevents the effects of castration on MeApd volume (56) and only oestradiol
prevents the regressive effects of castration on the hamster posterior MeA (56,57).
Consistent with our data from female prairie voles, T and EB each have proliferative effects
on MeApd volume and soma size in female rats and mice (56,59). Hormone-mediated
plasticity of particular neurochemicals in the adult MeA or BST has also been observed in
other rodents, including the number of cells synthesizing arginine-vasopressin,
cholecystokinin, enkephalins, somatostatin, and substance P. In all cases, and similar to what
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is suggested by our findings, the neurochemical profiles of these cells seem to be maintained
by an ER-associated mechanism (60).

At this point, we can only conjecture about the functional significance of gonadal hormone-
induced plasticity of TH-ir cells in the prairie vole extended olfactory amygdala. The
location of these cells implicates them in steroid hormone and olfactory control of social
behaviours. In support of this, lesions encompassing the male prairie vole MeA reduce their
social contact with females or pups (23). We recently found that IEG expression in TH-ir
cells of the male prairie vole MeApd and pBST is greatly increased by cohabitation and
mating with a female, but not by interactions with pups (27), suggesting relevance to mating
and the consequent formation or maintenance of an olfactory memory necessary for
pairbonding. These TH-ir cells in male prairie voles may also be involved in more general
detection and processing of the social environment, as we also found that any social contact
with conspecifics maintains basal IEG expression within these cells (27) and others find that
the number of these TH-ir cells drops when adult males and females are socially isolated
(61). This isolation-induced drop in the number of TH-ir cells is similar to our castration
effects, but socially isolating adult male prairie voles for four weeks does not significantly
affect circulating T or oestradiol (nor corticosterone) (62), so the isolation effect is probably
controlled by non-gonadal factors.

In sum, many of the TH-ir cells in the prairie vole extended olfactory amygdala contain
receptors rendering them sensitive to either androgens or oestrogens, and the functional
significance of this sensitivity is reflected by tremendous plasticity of these cells to
experimental manipulations in gonadal hormones during adulthood. This is consistent with
the hormone-mediated plasticity of other systems within these brain sites in adult rats, mice,
and hamsters. Widespread hormone-induced plasticity in the extended olfactory amygdala of
animals with such disparate social organizations suggests it is a ubiquitous target for gonadal
hormone effects on many type of social and non-social behaviours in rodents. In the context
of prairie vole reproduction, this plasticity could be related to how natural changes in
circulating gonadal hormones at different periods of the reproductive cycle promote
flexibility in the display of monogamous behaviours. We have data indicating that the
number of TH-ir cells in the pBST and MeApd increase after female prairie voles cohabitate
with an unfamiliar male for long enough to be induced into estrus, or after females mate and
later gain extensive parental experience with multiple litters of pups (63). This increase
could reflect changes in how the pBST and MeApd process gonadal hormone and olfactory
cues necessary for pairbonding and parenting behaviours.
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Figure 1.
Photomicrograph of the pBST of a male prairie vole showing representative cells
immunoreactive for TH alone (small black arrows, blue cytoplasmic label), immunoreactive
for AR alone (medium gray arrows, brown nuclear label), and immunoreactive for both TH
and AR (large black arrows, blue cytoplasmic plus brown nuclear labels). LV = lateral
ventricle.
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Figure 2.
Photomicrograph of cells in the pBST of a male prairie vole showing representative cells
immunoreactive for TH alone (small black arrows, blue cytoplasmic label), immunoreactive
for ERα alone (medium gray arrows, brown nuclear label), and immunoreactive for both TH
and ERα (large black arrows, blue cytoplasmic plus brown nuclear labels). LV = lateral
ventricle.
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Figure 3.
Number (Mean ± SEM) of TH-ir cells in the MeApd (left) and pBST (right) of male prairie
voles that were gonadally intact (Sham; n = 10), castrated and implanted with an empty
capsule (GDX; n = 10), or castrated and implanted with a capsule containing T (n = 8), DHT
(n = 9), or EB (n = 9). Significant differences among groups indicated by different letters
above bars, p < 0.05.

Cavanaugh and Lonstein Page 15

J Neuroendocrinol. Author manuscript; available in PMC 2011 February 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Photomicrographs of TH-ir cells in the pBST of representative male (top) and female
(bottom) prairie voles that were gonadally intact (Sham) or gonadectomized (GDX) and
implanted with an empty capsule or one filled with T, DHT, or EB. LV = lateral ventricle.
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Figure 5.
Number (Mean ± SEM) of TH-ir cells in the MeApd (left) and pBST (right) of female
prairie voles that were gonadally intact (Sham; n = 10), ovariectomized and implanted with
an empty capsule (GDX; n = 9), or ovariectomized and implanted with a capsule containing
T (n = 9), DHT (n = 11), or EB (n = 11). Significant differences among groups indicated by
different letters above bars, p < 0.05.
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Table 1

Number (Mean ± SEM) of cells in the MeApd and pBST of male and female prairie voles immunoreactive for
TH or both TH and AR, and the percentage of TH-immunoreactive cells also containing AR-ir. Significant sex
difference within each site indicated by different superscript letters, p < 0.05.

# TH-ir cells # Dual-labelled cells % TH-ir cells also AR-ir

MeApd

 Males (n = 7) 149 ± 17a 97 ± 15a 64 ± 5

 Females (n = 7) 43 ± 28b 27 ± 16b 65 ± 13

pBST

 Males (n = 7) 92 ± 13a 62 ± 14a 62 ± 7

 Females (n = 8) 13 ± 4b 8 ± 2b 49 ± 12
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Table 2

Number (Mean ± SEM) of cells in the MeApd and pBST of male and female prairie voles immunoreactive for
TH or both TH and ERα, and the percentage of TH-ir cells also containing ERα-ir. Significant sex difference
within each site indicated by different superscript letters, p < 0.05.

# TH-ir cells # Dual-labelled cells % TH-ir cells also ERα-ir

MeApd

 Males (n = 8) 193 ± 25a 76 ± 11a 39 ± 2

 Females (n =7) 48 ± 27b 13 ± 7b 30 ± 8

pBST

 Males (n = 9) 92 ± 13a 55 ± 7a 60 ± 2a

 Females (n = 7) 11 ± 5b 4 ± 2b 23 ± 9b
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