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ABSTRACT

Androgens regulate aromatase activity in the medial preoptic area
and other components of the brain circuit that mediates male sexual
behavior. The levels of aromatase activity within these brain regions
are greater in males than in females. As the activation of copulation
requires aromatization of testosterone to estradiol, this quantitative
enzymatic difference between sexes could contribute to the greater
behavioral response displayed by males. The present study was de-
signed to test the hypothesis that gender differences in brain aro-
matase activity of adult rats are dependent on the sexual differen-
tiation of the brain that occurs during perinatal exposure to gonadal
hormones. Aromatase activity was measured in vitro in microdis-
sected brain samples using a sensitive radiometric assay. We exam-
ined the effect of pre- and postnatal treatment with testosterone
propionate or diethylstilbestrol on basal levels and androgen respon-
siveness of aromatase in adults. In addition, we examined what effect

prepubertal gonadectomy exerts on enzyme regulation. Our results
demonstrate that perinatal treatments with gonadal hormones that
are known to differentiate sexual behavior can completely masculin-
ize the capacity for aromatization in the adult female. The process
that differentiates aromatase expression appears to depend on an-
drogen exposure and, in part, local estrogen synthesis, as diethyl-
stilbestrol was able to substitute for testosterone propionate. We also
observed that prepubertal gonadectomy reduced the levels of aro-
matase activity measured in adult brain, suggesting that gonadal
hormones that are secreted during puberty may enhance the expres-
sion of aromatase activity in adulthood. From this study, we conclude
that testosterone and/or its estrogenic metabolites act on the devel-
oping brain to determine the gender-specific capacity for aromatiza-
tion and to regulate androgen responsiveness within components of
the neural circuitry that mediates male sexual behavior. (Endocri-
nology 139: 3193-3201, 1998)

NE MANIFESTATION of a male-differentiated brain is
an enhanced responsiveness to hormonal activation
of male-typical sexual behaviors by testosterone (T) (1-4). It
is well established that this behavioral sexual dimorphism is
determined at least in part by exposure to androgen during
the critical period for sexual differentiation of neural tissue
(5). The critical period in rats begins in late gestation and
continues into the first week to 10 days of postnatal life (5).
Male rats that are deprived of androgen exposure during the
critical period by gonadectomy (Gdx) before day 10 of age
exhibit an impaired behavioral response to T as adults (6). On
the other hand, female rats that are exposed to T before day
10 of age and injected again with T as adults display levels
of copulatory behaviors comparable to those of gonad-intact
genetic males (7-9). However, it is not androgen per se that
is responsible for masculinizing the brain. According to the
aromatization hypothesis, the effects of T on behavior de-
pend to a large extent upon its cellular conversion to estrogen
by cytochrome P450 aromatase in the rat brain (5).
Behavioral gender differences in androgen responsiveness
are presumably related to specific morphological and/or
biochemical brain characteristics that differ between males
and females. Several brain regions involved in the regulation
of sexual behavior are known to be sexually dimorphic (10).
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There is evidence that perinatal androgen exposure mascu-
linizes the brain by altering the number of neurons in specific
brain areas, as well as their connectivity and neurotransmit-
ter content (10-13). Moreover, region-specific sex differences
in steroid receptor binding [protein and messenger RNA
(mRNA)] have been demonstrated in the rat brain. Males
have greater androgen receptor concentrations and/or
greater numbers of androgen receptor-containing neurons
within brain areas mediating the hormonal activation of sex-
ual behavior by androgen (2, 14-16). As with brain differ-
entiation, the conversion of T to estradiol by aromatase is an
important part of the pathway mediating copulatory behav-
iors in adultrats (17). Thus, it is also possible that the capacity
for conversion of T to active estrogenic metabolites in the
adult mammalian brain is influenced by perinatal exposure
to gonadal steroids.

Aromatase activity (AA) is highest within the medial
amygdala (MA), bed nucleus of the stria terminalis (BNST),
medial preoptic nucleus (MPN), periventricular preoptic
area (PVPOA), anterior hypothalamus (AH), and ventrome-
dial nucleus of the hypothalamus (VMN) of adult rats (18,
19). These nuclei in large part comprise the brain circuitry
that regulates masculine sexual behavior (20). AA in these
nuclei is stimulated by androgens and has been referred to
as androgen dependent (19). The induction of aromatase by
T is mediated through an androgen receptor mechanism that
regulates aromatase mRNA levels (21, 22). Expression of
androgen-dependent AA in the adult brain is greater in
males than in females because of normal sex differences in
circulating androgen levels (19). However, the mechanism of
enzyme induction is also sexually dimorphic because equiv-
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alent physiological doses of T stimulate aromatase to a
greater extent in males than in females (2). Dose-response
studies indicate that the sex difference is apparent over a
range of circulating T concentrations and constitutes a gen-
der difference in the efficacy of T stimulation (23). Measure-
ments of aromatase mRNA in androgen-treated gonadecto-
mized (Gdx) rats demonstrate that the sex difference in
regulation is exerted pretranslationally (24). Taken together,
these results suggest a sexually dimorphic mechanism that
could potentially limit the action of T in females and may in
part account for the enhanced expression of T-stimulated
sexual behaviors in males.

A major issue that needs to be resolved is whether the
adult gender difference in the expression and regulation of
brain aromatase is developmentally determined. Therefore,
the present study tested the hypothesis that exposure to T
during the critical perinatal period for sexual differentiation
accounts for the sex difference in the neural expression of
androgen-regulated aromatase in adults. In addition, as the
aromatase hypothesis predicts that androgen-derived estro-
gens are responsible for sexual differentiation in rats (17), we
examined whether perinatal estrogen exposure is also capa-
ble of altering the phenotypic expression of aromatase in the
adult. Finally, because it has been suggested that puberty is
associated with an increase in neural responsiveness to T
(25-27), we examined what effect, if any, prepubertal Gdx
exerts on enzyme regulation in adults. The present study has
addressed these issues by using a micropunch technique to
measure basal and androgen-stimulated AA in a group of
limbic and basal forebrain nuclei that are known to be in-
volved in the modulation of androgen-dependent behaviors
and neuroendocrine functions. Comparisons are made
among control males, control females, and females treated
perinatally with androgen or estrogen.

Materials and Methods
Animals

Pregnant Sprague-Dawley rats were obtained from Simonsen Labo-
ratories (Gilroy, CA) and timed to arrive on gestational day 14 or 15. The
determination of the day of conception was designated gestational day
0 (GDO0) was carried out by the supplier and was defined by the presence
of a copulatory plug. The rats were housed individually and maintained
on a 12-h light, 12-h dark schedule. Food and water were available ad
libitum. All experimental procedures were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals as adopted by
the NIH and were approved by the institutional animal care and use
committee of the Oregon Health Sciences University.

Experimental protocol

The experimental protocol is diagramed in Fig. 1. Rat fetuses were
treated prenatally with daily sc injections of testosterone propionate (TP;
2 mg/100 ul oil), diethylstilbestrol (DES; 10 ug/100 ul oil), or 100 wl
sesame oil vehicle to pregnant dams from GD16 to GD19. At birth, all
pups were weighed, and their anogenital distances were measured with
amicrometer. When possible, litters were adjusted to no more than eight
pups. After birth, the pups were given sc injections of TP (0.1 mg/50 ul
oil), DES (1 ug/50 ul oil), or 50 ul sesame oil vehicle each day beginning
on the day of delivery and continuing through the fifth postnatal day
(PD). All pups in a litter were given the same treatment and were kept
separate from all other litters. The five perinatal treatment groups were:
1) control &, males treated pre- and postnatally with the sesame oil
vehicle; 2) control ¢, females treated pre- and postnatally with the
sesame oil vehicle; 3) perinatal TP ¢, females treated pre- and postna-
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Fic. 1. Experimental design and treatment time line. Rat fetuses
were treated prenatally with daily sc injections of TP (2 mg/100 ul oil),
DES (10 png/100 pl oil), or 100 ul sesame oil vehicle to pregnant dams
from GD16 to GD19. After birth, the pups were given sc injections of
TP (0.1 mg/50 ul oil), DES (1 ug/50 wl oil), or 50 ul sesame oil each
day beginning on the day of delivery and continuing through the fifth
postnatal day (PD). All pups in a litter were given the same treatment
and were kept separate from all other litters. The five perinatal
treatment groups were: control 3, males treated pre- and postnatally
with the sesame oil vehicle; control ?, females treated pre- and post-
natally with the sesame oil vehicle; perinatal TP ?, females treated
pre- and postnatally with TP; postnatal TP ¢, females treated pre-
natally with vehicle and postnatally with TP; and perinatal DES ¢,
females treated pre- and postnatally with DES. Pups were weaned
and weighed on PD 24 and housed according to sex. Group A rats were
Gdx on PD 30 before the onset of puberty. Group B rats were Gdx on
PD 56 as adults. On PD 56, half of the rats in both groups received
3-cm SILASTIC brand capsules filled with crystalline T, whereas the
other half were sham implanted. The rats were killed 7 days later, and
basal (Gdx) and androgen-stimulated (Gdx+T) levels of AA were
measured in microdissected brain nuclei.

tally with TP; 4) postnatal TP ¢, females treated prenatally with vehicle
and postnatally with TP; and 5) perinatal DES ?, females treated pre-
and postnatally with DES. These treatments were chosen because they
were shown previously to masculinize brain anatomy and adult sexual
behaviors (7, 8, 28).

Pups were weaned and weighed on PD 24, and housed according to
sex. To determine the effect of prepubertal gonadectomy on the capacity
for aromatization in brain, half of the juvenile rats in each treatment
group were bilaterally Gdx under ketamine-xylazine anesthesia on PD
30 before the onset of puberty. On PD 56, the remaining rats in each
treatment group were Gdx. At this time half of the rats in both the
juvenile Gdx and adult Gdx groups received 3-cm SILASTIC brand
capsules (Dow Corning, Midland, MI) filled with crystalline T, and the
remaining rats were sham implanted. This dose of T produces hormone
levels typical of an adult male rat (29) and was used in the present
experiment to compare T-stimulated AA in males and females. Seven
days later, all of the rats were decapitated, and their brains were rapidly
removed and frozen on dry ice. The brains were stored at —80 C until
they were microdissected and assayed for AA. Trunk blood was col-
lected, and serum was harvested for determination of circulating T
concentrations. Generally, brains from Gdx and Gdx plus T-treated rats
from all perinatal treatment groups (n = 20) were processed together to
measure AA. A total of 124 rats were used to complete the study; each
group contained 4-7 animals.

Tissue dissections

Frozen brains were sectioned coronally at 300-um intervals beginning
where the anterior commissure crosses the midline and extending cau-
dally 3.6 mm as depicted in the brain map of Palkovits and Brownstein
(30). The tissue sections were thaw mounted onto glass microscope
slides and stored overnight at —80 C. Selected brain nuclei and regions
were dissected bilaterally using 500- and 1000-um calibrated stainless
steel cannulas, as described previously (19). The tissue punches were
expelled into 500-ul propylene microtubes and chilled on ice until
homogenized.
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AA assay

Tissue punch dissections collected from individual animals were
homogenized using a tissue sonicator (E/MC Corp., Hauppauge, NY)
in 125 ul phosphate buffer (10 mm KH,PO,, 100 mm KCl, 1 mm EDTA,
and 1 mwm dithiothreitol, pH 7.4). Aliquots of these homogenates (100 wul)
were then incubated for 1 h at 37 C with [18->H]androstenedione (New
England Nuclear-Dupont, Boston, MA; SA, 24.1 Ci/mmol). AA was
estimated by quantifying the amount of *H,O generated by the ste-
reospecific loss of the C-1p tritium, which is proportional to the amount
of estrogen formed (31). This assay has been validated in our laboratory,
and the procedural details have been described previously (31). Protein
concentrations were determined using the Lowry method (32). AA was
expressed as femtomoles of *H,O produced per h/mg protein.

Testosterone assay

Trunk blood was collected after decapitation and allowed to clot at
4 C overnight. They were then centrifuged (1500 X g for 30 min), and
sera were harvested. T levels were measured in individual samples by
RIA after extraction and chromatography on Sephadex LH-20 using
previously described methodologies (33). All samples were assayed in
duplicate in a single RIA. The percent recovery, water blanks, and
intraassay coefficient of variation were 79%, 0.7 pg/tube, and 7.3%,
respectively.

Statistical analysis

The AA data for each brain nucleus were analyzed by parametric 3 X
3 ANOVA (perinatal treatment X age at castration X adult treatment).
When a significant main effect of perinatal treatment was found in a
tissue (P < 0.05), multiple one-way ANOVAs were performed across
treatment groups. Post-hoc comparisons were then made between peri-
natal treatments with post-hoc Newman-Keuls tests and were considered
significant at P < 0.05 (34).

Results

Effects of perinatal treatments on T-stimulated AA in
brain punches

Three-way ANOVA revealed significant main effects of
perinatal treatment, age at castration, and adult treatment on
AA in the BNST, MPN, PVPOA, and VMN. A significant
interaction between perinatal treatment and adult treatment
was also found in PVYPOA and VMN. No other significant
interactions were revealed. The results in these four tissues
are summarized in Figs. 2-5, respectively. In each figure, A
shows the results from rats Gdx on PD30, and B shows the
results for rats Gdx on PD56. To simplify the data presen-
tation, only comparisons of perinatal treatment groups with
control males and control females are noted in the figures. As
expected, adult T treatments significantly stimulated AA in
these tissues regardless of prior perinatal treatment (compare
gray vs. black bars) or age at castration (compare A, Gdx on
PD 30, with B, Gdx on PD 56). The induction of AA by T was
significantly greater in control males than in control females.
In the prepubertal Gdx group, the percentages by which AA
levels in males was greater than those in females were 174%
(BNST), 154% (MPN), 212% (PVPOA), and VMN (122%). In
the adult Gdx group, the percentages by which AA levels in
males were greater than those in females were 134% (BNST),
212% (MPN), 184% (PVPOA), and 143% (VMN). In BNST,
MPN, and PVPOA, females that were treated perinatally
with TP or postnatally only with TP, exhibited significantly
greater levels of T-stimulated AA than control females,
whereas T-stimulated AA levels in these groups were not
significantly different from levels in control males. This effect
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Fic. 2. Effects of perinatal treatments on T-stimulated AA in the
BNST. A, Rats Gdx on PD30. B, Rats Gdx on PD56. All rats received
sc T-filled SILASTIC implants (30 mm) on PD56 and were killed 1
week later on PD 63. See Materials and Methods for descriptions of
the perinatal treatment groups. Data are presented as the mean
(bars) = SEM (lines; n = 4-T/group). Three-way ANOVA revealed
significant main effects of perinatal treatment (F, o, = 7.68; P <
0.0001), age at castration (F, 1o, = 7.12; P < 0.01, and adult T treat-
ment (F; 0, = 183; P < 0.0001) on AA. Newman-Keuls post-hoc
comparisons: §§, P < 0.05 vs. sham control 3; %, P < 0.05 vs. sham
control ?;§, P < 0.05 vs. T-treated control J; T, P < 0.05 vs. T-treated
control ?.

was observed regardless of whether the rats were Gdx on PD
30 or as adults. In VMN, a significant effect of perinatal and
postnatal TP treatments was observed only in rats that were
Gdx as adults. Perinatal DES treatment masculinized the
T-stimulated induction of AA in BNST, MPN, and PVPOA,
but not in VMN. Gonadectomized (i.e. unstimulated) levels
of AA did not differ between perinatal treatment groups in
the MPN and VMN. However, in the PVPOA and BNST, AA
levels in control males, perinatal TP-treated females, and
postnatal TP-treated females were generally higher than the
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Fic. 3. Effects of perinatal treatments on T-stimulated AA in the
MPN. A, Rats Gdx on PD30. B, Rats Gdx on PD56. Data are presented
as the mean (bars) = SEM (lines; n = 4—7/group). Three-way ANOVA
revealed significant main effects of perinatal treatment (F, ;04 = 4.20;
P < 0.005), age at castration (F, ;o, = 9.67; P < 0.005), and adult T
treatment (F ;o, = 276; P < 0. 0001) on AA. Newman-Keuls post-hoc
comparisons were made between perinatal treatment groups. See Fig.
2 for symbol designations.

levels in control females and perinatal DES-treated females.
In general, both Gdx and T-stimulated levels of AA in all four
tissues were higher in rats Gdx at 56 days of age (Figs. 2B-5B)
than in rats Gdx at 30 days of age (Figs. 2A-5A), which
accounts for the significant main effect due to age at Gdx.

The results for the anterior hypothalamus and medial
amygdala are summarized in Figs. 6 and 7, respectively.
Three-way ANOVA revealed a significant main effect of
adult T treatment, but no effect of perinatal treatment or age
of castration in these tissues. In general, T treatment stimu-
lated AA in adults regardless of any prior perinatal treatment
(compare gray vs. black bars) or pubertal treatments (compare
A, Gdx on PD 30, with B, Gdx on PD 56).
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Fic. 4. Effects of perinatal treatments on T-stimulated AA in the
PVPOA. A, Rats Gdx on PD30. B, rats Gdx on PD56. Data are pre-
sented as the mean (bars) = SEM (lines; n = 4-T/group). Three-way
ANOVA revealed significant main effects of perinatal treatment
(Fy 103 = 18.74; P <0.0001), age at castration (F'; ;43 = 8.26; P < 0.005,
and adult T treatment (Fy 103 = 312; P < 0. 0001), and a significant
interaction between perinatal treatment and adult treatment (F ;43
= 4.88; P < 0.005). Newman-Keuls post-hoc comparisons were made
between perinatal treatment groups. See Fig. 2 for symbol designa-
tions.

Effects of perinatal treatments on anogenital distances,
body weights, and genitalia

The average anogenital distances and body weights of the
experimental groups on PD 63 are shown in Fig. 8. There was
a significant effect of perinatal treatment on anogenital dis-
tances, but no effect of age at castration or adult treatment.
In general, anogenital distance was greatest in control males,
intermediate in females treated peri- or postnatally with TP,
and lowest in control females and females treated perinatally
with DES. There was a significant effect of perinatal treat-
ment group, age at castration, and adult treatment on body
weight, with a significant interaction between perinatal treat-
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Fic. 5. Effects of perinatal treatments on T-stimulated AA in the
VMN. A, Rats Gdx on PD30. B, Rats Gdx on PD56. Data are presented
as the mean (bars) = SEM (lines; n = 4—7/group). Three-way ANOVA
revealed significant main effects of perinatal treatment (F, ;4, = 3.30;
P < 0.05), age at castration (F, ;o, = 8.53; P < 0.005), and adult T
treatment (F; ;o; = 206; P < 0.0001) and a significant interaction
between perinatal treatment and adult treatment (F, ;o, = 4.25; P <
0.005). Newman-Keuls post-hoc comparisons were made between
perinatal treatment groups. See Fig. 2 for symbol designations.

ment and age at castration (Fig. 9). In general, control males
weighed more than any other treatment group. However,
females that were treated postnatally with TP or perinatally
with DES and castrated as adults were significantly heavier
than control females, but were not as heavy as control males
(Fig. 9B). Females that were gonadectomized prepubertally
weighed more than their counterparts that were gonadec-
tomized as adults.

Females that received perinatal TP were phenotypical
masculinized. They exhibited an enlarged clitoris that was
indistinguishable visually from the penis of the normal male.
They also possessed prostates and seminal vesicles in addi-
tion to a uterus and ovaries. Adult androgen treatment stim-
ulated the growth of the male-typical glands. The clitori of
females that received postnatal TP were slightly enlarged
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Fic. 6. Effects of perinatal treatments on T-stimulated AA in the AH.
A, Rats Gdx on PD30. B, Rats Gdx on PD56. Data are presented as
the mean (bars) = SEM (lines; n = 4—7/group). Three-way ANOVA
revealed significant main effects of adult T treatment (F, ; o, = 44.96;
P < 0.0001) only.

compared to those of normal females. Postnatal TP females
did not possess male-typical internal genitalia. The clitoris
and uterus of females that were treated with DES perinatally
were not visually different from those of normal females.

Serum T levels

The levels of serum T are summarized in Fig. 10. Equiv-
alent levels of T were achieved in all groups 1 week after Gdx
and androgen treatment. However, females treated with TP
perinatally or postnatally exhibited a slight, but significant,
elevation in serum T levels in the sham group Gdx at 30 days
of age.

Discussion

The present experiment demonstrates that manipulation
of androgen levels during perinatal development can per-
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Fic. 7. Effects of perinatal treatments on T-stimulated AA in the MA.
A, Rats Gdx on PD30. B, Rats Gdx on PD56. Data are presented as
the mean (bars) = SEM (lines; n = 4-T/group). Three-way ANOVA
revealed significant main effects of adult T treatment (F; ;53 = 63.34;
P < 0.0001) only.

manently alter the gender-specific capacity for aromatization
within components of the neural circuitry that mediates male
sexual behavior. Extended exposure of genetic females to TP
during gestational days 16-19 and PD 1-5 increased the
subsequent expression of AA in adulthood to levels charac-
teristic of genetic males. However, treatment of genetic fe-
males with TP from PD1-PD5 also completely masculinized
the capacity for aromatization, suggesting that the critical
period for this effect encompasses the first week of life. These
effects on aromatase expression are temporally correlated
with the critical developmental period during which sexual
behaviors and neural structures are sexually differentiated in
rats (5) and lend support to the hypothesis that maturation
of aromatase-containing neurons is a differentiated charac-
teristic of the male brain. Our results further indicate that
although TP was able to substitute fully for testes and its
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Fi1G. 8. Effects of perinatal treatments on anogenital distances at the
time of death (63 days old). Data are presented as the mean (bars) +
SEM (lines; n = 4—7/group). Three-way ANOVA revealed significant
main effects of perinatal treatment (F g9 = 215, P < 0.0001). New-
man-Keuls post-hoc comparisons were made between perinatal treat-
ment groups. See Fig. 2 for symbol designations.

secretions in determining the capacity for neural aromatiza-
tion, aspects of its effect may well be mediated by locally
produced estrogen. This conclusion is based on our obser-
vation that perinatal treatment with the synthetic estrogen,
DES, in large part mimicked the effect of perinatal TP treat-
ment. Perinatal DES exposure of genetic females increased
the androgen-induced expression of AA in adulthood to the
levels observed in genetic males. Thus, these results indicate
that the conversion of androgens into estrogens probably
plays a major role in the differentiation of aromatase
neurons.

We demonstrated that the organizational effects of andro-
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Fic. 9. Effects of perinatal treatments on body weights at the time of
death (63 days old). Data are presented as the mean (bars) = SEM
(lines; n = 4-T/group). Three-way ANOVA revealed significant main
effects of perinatal treatment (F, ;,, = 45, P < 0.0001), age of cas-
tration (F, ;o, = 52, P < 0.0001, and adult T treatment (F; ;o, = 7.6,
P < 0.01), and a significant interaction between perinatal treatment
and age of castration (Fy o, = 10.8, P < 0.0001). Newman-Keuls
post-hoc comparisons were made between perinatal treatment
groups. See Fig. 2 for symbol designations.

gen and estrogen are brain region specific. An effect on the
expression of androgen-stimulated AA was evident in the
BNST, MPN, PVPOA, and VMN, but not in the AH and MA.
These results generally agree with our previous studies that
identified gender differences in the induction of brain aro-
matase by T within these same nuclei (2, 23). Our results
confirm and extend the work of Steimer and Hutchison (35),
who demonstrated that the sex difference in the induction of
aromatase in the preoptic area of rats is abolished by neonatal
Gdx and exposure to TP from PD 2 to 70. However, in this
early study, neonatal Gdx and extended treatment with TP
appeared to substantially decrease the responses of both

3199

Testosterone

A. 4, _Adult Treatment
:} Sham
E 3.5 4 - T-treated
—
()] 3.0 4
c
o 25
=
9 2.0 4
9
17 1.5 4
o]
» 1.0
e 04
F.
y §§
0.0 -
Contro[ Control Perinatal Postnatal Perinatal
TP2 TPQ DES?

B. 40.

3.5 4
__E 3.0
o 1
= 254
o ]
(o] ]
)
@ 154
o
w 4
o 1.04
7]
2 o054

0.0 4

Control Conlrol Perinatal Postnatal Perinatal
TPQ TP2 DES¢

Perlnatal Treatment Group

F1G. 10. Serum testosterone concentrations (mean * SEM) in Gdx rats
that underwent sham surgery or received sc SILASTIC implants (30
mm) filled with crystalline T. Two-way ANOVA revealed significant
effect of adult treatment (Fy ;o, = 1701, P < 0.0001) but not perinatal
treatment or age of castration.

sexes to TP compared with that of normal adult males. In
contrast, the perinatal treatments used in the present exper-
iment were sufficient to completely masculinize the expres-
sion of AA, so that the enzyme activity in hormone-treated
genetic females was equivalent to that in control males.
The induction of AA by T is transcriptionally mediated
through a specific androgen receptor mechanism (36). There-
fore, one important inference that can be drawn from the
current study is that the perinatal exposure to androgen
permanently alters the adult responsiveness to T. Moreover,
the cellular basis for the effect of early androgen and estrogen
exposure on androgen-dependent aromatase expression
may relate in part to the differentiation of androgen receptor-
positive neurons or their connections. Consistent with this
idea, the distribution of androgen receptors and androgen-
dependent aromatase exhibit an extensive regional overlap
in the rat brain (37-40), and sex differences in androgen
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receptor concentrations are found largely within the same
brain regions as sex differences in aromatase (2).

In the current study, significant sex differences in the ex-
pression of basal levels of AA were found in the BNST and
PVPOA of Gdx adults. Basal levels of aromatase were sig-
nificantly higher in control males than in control females, but
were not significantly different from those in females treated
perinatally with TP. Sex differences in AA that are present
after Gdx could be due to gender differences in androgens
produced by the adrenals, but no sex-related differences in
plasma T were detected in the Gdx sera in this study. More-
over, in a preliminary unpublished study, we did not detect
differences between Gdx and Gdx-adrenalectomized rats in
the levels of AA measured in brain punch samples. Thus, the
sex differences in the Gdx levels of AA most likely reflect
actual differences in the number of aromatase neurons in-
dependent of their capacity for hormonal induction and sug-
gest that greater numbers of aromatase-containing cells are
present within certain regions of the masculinized adult
brain. Consistent with this hypothesis, Wagner and Morell
(38) reported that adult male rats tended to have higher
numbers of aromatase mRINA-expressing cells than females,
but not more aromatase mRNA per cell. Likewise, a sex
difference in the number of aromatase-immunoreactive cells
has been found in the preoptic area of adult Japanese quail
(41) and shrew (42). Finally, Beyer and Hutchison (43) have
shown that numbers of aromatase-immunoreactive neurons
are higher in hypothalamic cultures originating from male
compared with female mice.

Interestingly, perinatal exposure to TP, but not DES, mas-
culinized the basal levels of AA in the BNST and PVPOA.
This observation contrasts with our finding that both TP and
DES exposure masculinized the capacity for androgen in-
duction of AA in these nuclei as well as in PVPOA and MPN.
The fact that these two end points (i.e. basal and androgen-
induced aromatase) can be differentially affected by perina-
tal steroid exposure suggests that they may represent inde-
pendent processes that have different hormonal
requirements for differentiation. Both end points appear to
be sexually differentiated by androgen, but aromatization
may be required to determine the capacity for induction of
aromatase by androgen, ie. androgen responsiveness,
whereas androgen per se may determine the absolute number
of aromatase neurons that develop or survive. There are
precedents for considering that both local estrogen synthesis
and unmetabolized androgens contribute to male-specific
developmental processes in the perinatal brain. Locally syn-
thesized estrogens are thought to irreversibly masculinize
the size and connectivity of several brain nuclei, including
the sexually dimorphic nucleus of the preoptic area (44). On
the other hand, T, not its aromatized metabolites, affects the
survival of neurons in the spinal nucleus of the bulbocav-
ernosis (10). Moreover, it was recently demonstrated that T
treatment increases the absolute number of aromatase-im-
munoreactive neurons in hypothalamic cultures and that,
unlike estrogen, T stimulated their morphological differen-
tiation (45). Taken together, these studies suggest that an-
drogen and estrogen exert independent, perhaps comple-
mentary, effects on the developing brain that, in turn, affect
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the basal levels and androgen responsiveness of aromatase
in the adult.

Rats that were Gdx on PD 56 exhibited significantly higher
levels of basal and T-stimulated aromatase in BNST, MPN,
and PVPOA than rats that were Gdx on PD30. This effect was
observed regardless of sex or perinatal treatment. In VMN,
the effects of perinatal T treatments reached significance only
in the group that was Gdx on PD 56. These data suggest that
peripubertal exposure to gonadal secretions can enhance the
expression of AA in certain areas of the adult brain, which
may, in turn, enhance adult responsiveness to T. There was
no effect of prepubertal Gdx on the expression of aromatase
in AH or MA, indicating that this response was exerted in a
regionally specific manner. The nature of the effect we ob-
served was subtle and appeared to be secondary to the effect
exerted by perinatal androgen exposure. However, if con-
firmed, this observation may help explain the results of ear-
lier behavioral studies which demonstrated that pubertal
exposure to testosterone sensitizes the neural circuits medi-
ating male sexual behavior to the activational effects of T in
adulthood (25-27, 46).

In conclusion, the present experiment has demonstrated
that AA in the neural centers mediating masculine sexual
behavior is sexually differentiated in the rat. We have shown
that manipulations of the early hormonal milieu, which are
known to differentiate sexual behavior, also irreversibly de-
termine the capacity for aromatization in the adult. The pro-
cess that differentiates aromatase appears to depend on an-
drogen exposure and in part local estrogen synthesis and is
brain region specific. As the activation of copulation by an-
drogen requires aromatization of T to estradiol (47-49), this
quantitative enzymatic difference between sexes could con-
tribute in part to the greater behavioral responsiveness dis-
played by males. Finally, our data suggest that although
exposure of the brain to steroid hormones during perinatal
life appears to be necessary for sexual differentiation of aro-
matase expression to occur, gonadal hormones also appear
to exert additional effects during puberty.
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