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Abstract. Brain aromatase cytochrome P450 converts androgens to estrogens that
play a critical role in the development of sexually dimorphic neural structures, the
modulation of neuroendocrine function(s), and the regulation of sexual behavior. We
characterized the influence of surgical castration on brain aromatase in Norway
Brown and Wistar adult rats and compared their responses to Sprague-Dawley rats
that were surgically or biochemically castrated (with flutamide, a known androgen
receptor blocker). Aromatase enzyme activity was measured by the tritiated water
release assay in the medial basal hypothalmus/preoptic area (MBH/POA) and amyg-
dala brain regions. The present results demonstrate that independent of the rat strain
examined, MBH/POA aromatase is regulated by androgens (in Sprague-Dawley, Nor-
way Brown and Wistar males). However, intact Wistar animals displayed significantly
higher MBH/POA aromatase levels compared to Sprague-Dawley control values. Con-
versely, in the amygdala region, there was an apparent lack of androgen hormone
action upon aromatase enzyme activity in some of the rat strains tested. The impor-
tance of brain aromatase regulating estrogen biosynthesis and influencing brain de-

velopment and function is covered.
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rain aromatase enzyme activity that catalyzes the

conversion of androgens to estrogens is involved in

the determination and plasticity of sexually dimor-
phic neural structures, the regulation of neuroendocrine
functions, reproductive behaviors and modulating memory,
aging and neurodegenerative processes (1-9). Presumably,
aromatase activity has been phylogenetically conserved
since it is detectable in brain tissue sites of all mammalian
species studied thus far (3). In certain brain areas, the regu-
lation of aromatase activity is controlled by androgens (3. 8.
10-12). For example, aromatase activity significantly de-
clines in the medial basal hypothalamus/preoptic area
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(MBH/POA) in castrated Sprague-Dawley rats (3, 7, 10,
11). If these animals are given androgen replacement
therapy, the activity in these brain regions is restored to or
elevated above control aromatase levels (3, 7, 10, 11). Suf-
ficient evidence exists that aromatase in the MBH/POA is
mediated by an androgen receptor mechanism, since block-
ing the receptor(s) with flutamide (a known androgen-
receptor blocker) significantly decreases aromatase levels
comparable to that of castrated animals (3, 11, 13-15).
Whereas, in the amygdala, aromatase is not altered by an-
drogen hormonal action, and this region is apparently inde-
pendent of androgen receptor regulation (11, 14, 15).
Almost all studies examining the influence of androgen
hormonal action on brain aromatase have been performed in
Sprague-Dawley rats (3). Previous and preliminary results
from our laboratory indicated that brain aromatase levels
differ significantly among some rat strains and that in some
strains, such as Long-Evans rats, androgens do not regulate
brain aromatase activity (16). This latter finding provided
the initiative to examine other rat strains and investigate
how brain aromatase may be regulated among them. To
determine whether androgens regulate brain aromatase in a
similar manner to that reported in intact/castrated Sprague-
Dawley rats (10, 14, 16), we characterized the influence of



surgical castration in Norway Brown and Wistar adult rats
and compared their responses to surgically or biochemically
castrated Sprague-Dawley rats (with flutamide).

Materials and Methods

All male rats were age-matched and obtained from
Charles Rivers Laboratory (Wilmington, MA). Sprague-
Dawley, Norway Brown, and Wistar animals were surgi-
cally castrated at 40-42 days of age (n = 6,n = 1l and n
= 12, respectively). Intact Norway Brown and Wistar rats
(n = 10 males per group) served as control groups for the
surgically castrated animals. Sprague-Dawley (n = 10) rats
were chemically castrated via flutamide injections [at the
nape of the neck at 100 mg flutamide (a known androgen
receptor blocker) dissolved in ethanol/kg body weight every
other day starting at 50 days of age] (13). Sprague-Dawley
control injected rats (n = 12) received a similar volume of
ethanol vehicle that never exceeded 0.12 ml every other
day. Sprague-Dawley intact noninjected males (n = 25)
served as controls for the Sprague-Dawley injected or sur-
gically castrated animals. All male rats were sacrificed at 70
days of age. Body weights were measured in grams (+ 0.1
g), and ventral prostate weights were recorded in milligrams
(mg). Since the prostate is an androgen-sensitive organ, it
provided an index of the efficacy of the surgical or bio-
chemical castration treatment effects. The animals and
methods used in this study were approved by the Institu-
tional Animal Care and Use Committee at Brigham Young
University.

The brain tissue sites (i.e., the MBH/POA and amyg-
daloid regions) were collected using landmark boundaries
according to previous published methods for the determi-
nation of aromatase activity levels (10, 13, 17). In brief, the
brain tissue fragments were incubated for 1 hr in the pres-
ence of a saturating concentration of 1B-[3H]andro-
stenedione as the substrate (at 2.4 wM) in 2 ml of DMEM
medium. (We have not found a significant difference in
brain aromatase levels when DMEM medium is used com-
pared to employing a brain buffer containing potassium
phosphate.) At the end of the incubations, the unused sub-
strate was extracted with five volumes of chloroform by
vortex mixing. The aqueous phase of the reaction mixture
was purified with charcoal, isolated by centrifugation, and
then the aromatase activity was quantitated by scintilation
counting of the formed tritiated water. This assay is de-
scribed in detail elsewhere along with the validation of these
methods (10, 13, 17, 18). After the aromatase assays were
performed, the total protein content of each tissue fragment
was determined using the Lowry protein assay with bovine
serum albumin as standard (19).

Each biological parameter measured was tested by
analysis of variance, followed by Newman-Keuls multiple
comparisons to detect potential significant differences by
treatment groups (a was set at P < 0.05).

Results

To establish the efficacy of the treatments employed,
body and ventral prostate weights were determined at the
time brain tissue sites were collected (Table I). There were
no significant differences in body weights among Sprague-
Dawley noninjected intact controls, Sprague-Dawley etha-
nol-injected intact controls, or Sprague-Dawley flutamide-
injected animals. However, in the case of the surgically
castrated groups, as expected, there were significant de-
creases in body weights compared to intact Sprague-
Dawley, Norway Brown, or Wistar male rats (Table I). Fi-
nally, although the different strains of male rats were age-
matched (at 70 days old) the intact Norway Brown rats’
weight was significantly less than Sprague-Dawley or
Wistar intact control males.

Furthermore, since the ventral prostate gland is an an-
drogen-sensitive tissue, this parameter provided additional
evidence for the effects of flutamide (blocking androgen
hormonal action) and castration (eliminating the influence
of androgens) in the treatment groups (Table I). Regardless
of whether the ventral prostate weight (mg) for each animal
was standardized (Table I), the Sprague-Dawley ethanol-
injected controls displayed a slight but significant decrease
when compared to Sprague-Dawley noninjected control val-
ues. This result was due presumably to the stress of the
injections. However, in Sprague-Dawley castrated or flu-
tamide-injected animals (treated for 20 days from 50-70
days of age), notable significant decreases in ventral pros-
tate/body weight ratios were observed when tested against
Sprague-Dawley ethanol-injected or Sprague-Dawley non-
injected values (Table I). Although the Norway Brown rats
weighed significantly less than Sprague-Dawley or Wistar
animals at 70 days of age, when the ventral prostate weights
were standardized, similar ventral prostate/body weight ra-
tios were observed in intact males independent of strain.
Similar to the changes in body weight by castration, dra-
matic significant reductions in ventral prostate/body weight
ratios were recorded in Sprague-Dawley, Norway Brown,
and Wistar males castrated approximately 4 weeks earlier
compared to intact animals (Table I).

To compare the effects of surgical or biochemical cas-
tration (via flutamide) in the Sprague-Dawley strain to that
of surgical castration in Norway Brown and Wistar animals,
on the regulation of estrogen biosynthesis in the MBH/POA
and amygdaloid regions, aromatase enzyme activity levels
were determined in 70-day-old age-matched male rats.

As shown in Figure 1, MBH/POA aromatase activity
rates were significantly higher in Wistar intact males (at 60
fmol/ hrt/mg protein) compared to Sprague-Dawley (nonin-
jected or injected) controls (ranging from 41—44 fmol/ hr/
mg protein), There were no significant alterations in MBH/
POA aromatase between Sprague-Dawley noninjected and
ethanol-injected controls. However, in general, castration
(biochemical or surgical) treatments resulted in significant
reductions in MBH/POA aromatase activities compared to
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Table I. Body Weight, Ventral Prostate Weight, and Ventral Prostate Weight/Body Weight Ratios in 70-day-old
Age-Matched Sprague-Dawley (S.D.), Norway Brown (N.B.), or Wistar (Wis.) Male Rats

Body weight [grams (+ S.E.M.)]

S.D. S.D. S.D. S.D. N.B. N.B. Wis. Wis
noninj con-inj cast fluta intact cast intact cast
n=25 n=12 n==6 n=9 n=10 n=11 n=9 n=12
343.4 355.7 258.8* 337.2 238.4 212.6" 360.5 321.8*
(5.6) (8.8) (14.0) (6.6) (3.4) 6.7) (5.7) (7.6)

* = Significant decrease in body weight in castrated vs. intact S.D., N.B. or Wis. animals.

Ventral prostate weight (mg)

S.D. S.D. S.D. S.D. N.B. N.B. Wis. Wis.
noninj con-inj cast fluta intact cast intact cast
n=25 n=12 n==6 n=9 n=10 n=1 n=9 n=12
390.8 362.14 14.3* 122.4® 258.0 12.8* 4222 30.5"
(10.6) (12.8) (0.5) (3.6) (9.3) (0.7) (10.9) (1.3)

Ventral prostate weight (mg)/100 g body weight (+ S.E.M.)

S.D. S.D. S.D. S.D. N.B. N.B. Wis. Wis.
noninj con-inj cast fluta intact cast intact cast
n=25 n=12 n==6 n=9 n=10 n=11 n=9 n=12
1141 97.4% 5.3® 36.3* 104.6 6.8 114.7 8.2
(0.5) (0.4) (0.5) (0.1) (0.4) (0.1) (0.4) (0.1)
A = Significant decrease in ventral prostate weight or ventral prostate weight/body weight ratios in S.D.-injected vs. noninjected S.D. control
values.

@ = Significant decrease in ventral prostate weight or ventral prostate weight/body weight ratios in castrated S.D. or flutamide-injected S.D.

vs. S.D.-injected or noninjected S.D. control values.
* = Significant decrease in ventral prostate weight or ventral prostate weight/body weight ratios in castrated N.B. vs. N.B. intact or castrated

Wis. vs. Wis. intact values.

Note. Treatments: Noninjected = noninj; ethanol-injected = con-inj; flutamide-injected = fluta; noncastrated = intact and castrated = cast.

Sprague-Dawley (S.D.) rats that did not receive any injections (noninj) served as controls for the S.D. castrated (cast), ethanol-injected

(con-inj), or S.D. flutamide-injected (fluta) groups. The latter two groups received ethanol or flutamide injections [flutamide (dissolved in

ethanol) at 100 mg/kg body weight] every other day from 50-70 days of age. In the Sprague-Dawley, Norway Brown, and Wistar groups,

castration was performed at 40 days of age. Body and ventral prostate weights (along with brain tissues) were collected at 70 days of age for

all treatment groups.

control intact values (Fig. 1). In the biochemical castrated
Sprague-Dawley animals (fluta), a significant 45% de-
creased in MBH/POA aromatase occurred, whereas in sur-
gically castrated animals significant reductions (ranging
from 25%-35%) were seen in MBH/POA activity levels
from Sprague-Dawley (cast), Norway Brown (cast), and
Wistar (cast) males, compared to control values.

In the amygdaloid tissue site the patterns of aromatase
were different from those of the MBH/POA site across the
rat strains and treatment groups (Fig. 2). First, in general,
the aromatase activity rates were higher in the amygdaloid
site compared to the MBH/POA region independent of
strain or treatment. Second, in intact animals, there were no
significant differences in amygdaloid aromatase levels
among Sprague-Dawley (noninj), Sprague-Dawley (etha-
nol-injected), Norway Brown, or Wistar males (which
ranged from 49 to 73 fmol/ hr/mg protein). Third, there
were no significant alterations in amygdaloid aromatase ac-
tivities from surgically castrated Norway Brown or Wistar
animals compared to intact control rates. Finally, flutamide-
treated or surgically castrated Sprague-Dawley males dis-
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played considerable (but nonsignificant, P < 0.06; and P <
0.1, respectively) reductions in amygdaloid aromatase when
tested against control values (Fig. 2).

Discussion

Ample evidence exists to demonstrate the regulation of
MBH/POA aromatase by androgens (7, 8, 10-15), whereas
the amygdaloid region, in general, is apparently not influ-
enced by androgen hormonal action (8, 11, 14, 15). While
nearly all reports, to date, have studied the Sprague-Dawley
rat in this regard, we examined the influence of surgical
castration in Norway Brown or Wistar rats on MBH/POA or
amygdala aromatase, and a comparison was made to surgi-
cal or biochemical castration treatments (using flutamide) in
Sprague-Dawley rats. The efficacy of the treatments was
confirmed by indexing body weights and standardized ven-
tral prostate weights. In general, the MBH/POA aromatase
levels across the different rat strains were comparable to
those previously reported by our laboratory (10).

However, there was a difference in MBH/POA aro-
matase where intact Wistar animals displayed (moderate
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Figure 1. Aromatase activity in medial basal hypothalamic/pre-
optic area (MBH/POA) tissue (expressed in fmol/ hr/mg protein) in
Sprague-Dawley, Norway Brown, and Wistar male rats. The treat-
ments included: Noninjected = Con; ethanol-injected = Con-inj; flu-
tamide-injected = fluta; noncastrated = intact and castrated = cast.
Each bar represents the mean + SEM. The number of rats per group
is shown at the base of each bar.

* = Significantly lower aromatase activity in (chemically and surgi-
cally) castrated animals compared to intact or control-injected ani-
mals of the same strain (P < 0.05).

A = Significantly greater aromatase activity in Wistar control intact
animals compared to Sprague-Dawley control noninjected or control-
injected rats (P < 0.05).
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Figure 2. Aromatase activity in the amygdala (AMY) region (ex-
pressed in fmol/ hr/mg protein) in Sprague-Dawley, Norway Brown,
and Wistar male rats. The treatments included: Noninjected = Con;
ethanol-injected = Con-inj; flutamide-injected = fluta; noncastrated =
intact and castrated = cast. Each bar represents the mean + SEM.
The number of rats per group is shown at the base of each bar.
Aromatase activity rates were not significantly altered among intact
animals compared to castrated animals within a given strain. How-
ever, a notable (but nonsignificant) decline was observed in the ac-
tivity of flutamide-treated males compared to Sprague-Dawley con-
trol injected values and in Sprague-Dawley castrated animals com-
pared to control intact Sprague-Dawley levels (P < 0.06 and P< 0.1,
respectively).

but) significantly higher activity levels compared to intact
Sprague-Dawley control values. This was an intriguing
finding since increased aromatase activity levels (with ad-
equate substrate availability) would lead one to speculate
that increased local estrogen biosynthesis may (in a negative
feedback mechanism) reduce the level of gonadotrophin re-
lease. This suggests a potential physiological role for the

observed strain differences in brain aromatase. Although
recent data from our laboratory indicated that the control of
estrogen receptor—mediated effects is influenced to a large
extent by genetic factors, especially in the Wistar rat strain,
rather than via steroid hormonal actions (20). Furthermore,
the finding that some rat strains display different brain aro-
matase levels, particularly in this brain region (MBH/POA),
implies that the divergent brain aromatase rates may have
been established during the important perinatal develop-
mental period (3). This is critical since the aromatase en-
zyme plays an important role in neuronal growth/
proliferation/cellular organization (1, 3, 7), the modulation
of neuroendocrine functions (2, 3, 7), and the regulation of
sexual behavior (2, 3, 21).

In agreement with other reports, substantiating the
regulation of MBH/POA aromatase by androgens (8, 10-
15), the enzymatic activity was significantly reduced in flu-
tamide-treated Sprague-Dawley rats. Moreover, in surgi-
cally castrated Sprague-Dawley, Norway Brown, and
Wistar (age-matched) animals, a similar significant decline
in MBH/POA aromatase was observed when compared to
controls. Therefore, the effectiveness of the treatments (ei-
ther surgical or biochemical castration) was indexed by sig-
nificant reductions in prostate weight (Table I) that corre-
spond to the significant decreases seen in brain aromatase
levels. This suggests that aromatase in the MBH/POA re-
gion, in Norway Brown and Wistar rats, is regulated by
androgens in a similar fashion to that of Sprague-Dawley
animals. The only exception, to date, for the MBH/POA
brain region that apparently is not influenced by androgens
is seen in Long-Evans rats (16). However, even this latter
exception must be confirmed by demonstrating a lack of
altering aromatase mRNA levels by androgens. In another
study, we collected substantial data to suggest that strain
differences in rats regulate many important biological pa-
rameters, such as brain aromatase and gonadotrophins (20).
Finally, it can be concluded from the present results that
MBH/POA aromatase, in general, is regulated by androgens
regardless of rat strain studied.

In the amygdaloid brain site, for intact animals inde-
pendent of strain, the activity rates were similar (ranging
from 48-73 fmol/ hr/mg protein), where no significant dif-
ferences were observed. However, in general, amygdala
aromatase levels were higher than those seen in the MBH/
POA region; this finding is in agreement with other reports
(11, 17). There was an apparent lack of androgen regulation
for amygaloid brain aromatase activity in Norway Brown
and Wistar animals. Whereas, in flutamide-treated or surgi-
cally castrated Sprague-Dawley rats, a noted (but nonsig-
nificant) decrease in the activity was observed compared to
Sprague-Dawley control values. This observation may be
explained by the fact that cortical amygdala aromatase is
regulated by androgens whereas aromatase activity in the
medial amygdala is not regulated by androgens (11). Since
a majority of the amygdaloid tissue fragment isolated in
these experiments most likely represents the cortical portion
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of this tissue site, this may clarify our results. Finally, for
amygdala aromatase there does not appear to be a clear-cut
correspondence to the level of sex steroid hormonal status in
adult males independent of rat strain.

In summary, androgen steroid hormone metabolism in
the limbic and hypothalamic/preoptic regions plays an im-
portant role in the development of sexually dimorphic brain
structures, the modulation of neuroendocrine function(s),
and the regulation of sexual behavior. The present results
demonstrate that independent of the strain of rat, MBH/POA
aromatase is regulated by androgens (in Sprague-Dawley,
Norway Brown, and Wistar males). However, intact Wistar
animals displayed significantly higher MBH/POA aro-
matase levels compared to Sprague-Dawley control values.
In the amygdaloid tissue brain region there was an apparent
lack of androgen action upon aromatase enzyme activity in
any of the rat strains.
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