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Charles E. Roselli, Salah E. Abdelgadir, Emile Jorgensen, and John A. Resko 

Department of Physiology and Pharmacology Oregon Health Sciences University, Portland OR 

The conversion of testosterone to estradiol by cyto- 
chrome P450 aromatase (P450ARO~) in the medial 
preoptic area is required for full expression of male 
sexual behavior in rats. Preoptic P450ARO~ activity is 
stimulated by androgens through an androgen-recep- 
tor mediated mechanism that regulates P450AROM gene 
expression. The mechanism of enzyme induction ap- 
pears to be sexually dimorphic in several species lead- 
ing to greater testosterone-stimulated P450AROM 
activity in males than in females. The present study was 
designed to determine whether the sex difference in 
androgen-regulated P450AROM activity is manifested at 
the levels of mRNA expression. We compared the con- 
centrations of P450AROM mRNA and enzyme activity 
between five different treatment groups: intact males, 
castrated males (CX), ovariectomized females (OVX), 
CX males treated with dihydrotestosterone (CX + 
DHT), and OVX females treated with DHT (OVX + 
DHT). We found that unstimulated levels of P450AROM 
mRNA and enzyme activity in both the preoptic area 
and medial basal hypothalamus were similar in the CX 
and OVX groups. However, when treated with equiva- 
lent doses of DHT, the levels of P450ARO~ mRNA and 
enzyme activity in both brain regions were significantly 
higher in males than in females (i.e., CX +DHT group 
> OVX +DHT group). These results demonstrate that 
sex differences in the regulation of P450A~oM in brain 
are exerted pretranslationally by androgen and suggest 
that gender differences in androgen responsiveness 
play an important role in regulating gene expression in 
the adult rat brain. 

Key Words: Sex difference; aromatase mRNA; preoptic 
area; medial basal hypothalamus. 

Received March 21, 1996; Revised May 13, 1996; Accepted May 13, 1996. 
Author to whom all correspondence and reprint requests should be addressed: 
Charles E. Roselli, Department of Physiology and Pharmacology, Oregon 
Health Sciences University, 3181 SW Sam Jackson Park Road, Portland, OR 
97201-3098. E-mail: rosellic@OHSU.edu 

Introduction 

Adult gonadectomized male and female rats differ in their 
behavioral response to testosterone (T) treatment in that 
males show higher levels of androgen-dependent mounting 
behavior than females (Gerall and Ward, 1966; Ward, 1969). 
This difference in behavior, in part, is because of sex differ- 
ences in brain anatomy and function that are established 
during perinatal development (Gorski, 1985; De Vries, 
1990). However, it may also reflect sex differences in the 
cellular mechanisms by which androgens act. One important 
pathway of androgen action in the brain involves the 
conversion of T to estrogen by cytochrome P450AROM 
(Naftolin et al., 1974). Several studies have demonstrated 
that aromatization ofT in the medial preoptic area is required 
for the full expression of male sexual behavior in rats (Bonsall 
et al., 1992; Christensen and Clemens, 1975; Clancy et al., 
1995). Preoptic aromatase activity is stimulated by andro- 
gens through an androgen-receptor mediated mechanism that 
regulates aromatase gene expression (Roselli and Resko, 
1993; Abdelgadir et al., 1994). Recent experiments have 
demonstrated that T induces preoptic aromatase to a greater 
extent in males than in females suggesting that the mecha- 
nism ofaromatase induction is sexually dimorphic in several 
species (Schumacher and Balthazart, 1986; Steimer and 
Hutchison, 1990; Roselli, 1991 a; Beyer et al., 1994). The 
present study was initiated to determine whether the sex 
difference in androgen-stimulated P450AROM induction 
is manifested at the level of  mRNA expression. 

Materials and Methods 

Animals 

Age-matched 50- to 60-d old male and female Sprague- 
Dawley rats (Simonsen Breeders, Gilroy, CA) were used in 
this study. The rats were given free access to food and water, 
and maintained on a 12-h light/12-h dark lighting schedule. 
To study sex differences in the effect of  androgen on 
P450AROM mRNA levels, 72 males and 48 females were 
assigned to the following five treatment groups: intact 
males (INT), castrated males (CX), ovariectomized females 
(OVX), CX + dihydrotestosterone (DHT), and OVX + 
DHT. Gonadectomies were performed on rats anesthetized 
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with a ketamine (55 mg/kg)/xylazene (5 mg/kg) cocktail. 
DHT was administered in 30-mm Silastic capsules (id 0.062 
in., od 0.125 in., Dow Coming, Midland, MI) placed sub- 
cutaneously between the scapulae. One week after the treat- 
ments were initiated, the rats were decapitated and the 
preoptic area (POA) and medial basal hypothalamus 
(MBH) were dissected according to previously published 
coordinates (Handa et al., 1986). Brain areas from four 
animals/treatment were pooled for the RNase protection 
assay (n = 6 replicates). The effects of the five experimental 
treatments on aromatase activity were studied in an addi- 
tional group of 18 males and 12 females (n = 6 treatment 
group). Trunk blood samples were collected for radioim- 
munoassay (RIA) of steroid hormones. 

RNA Isolation 

Total cellular RNA was prepared according to Chirgwin 
et al. (1979). After dissection, the brain was immediately 
frozen on dry ice and stored at-85~ until homogenized in 
a 4M guanidine isothiocyanate lysing buffer containing 
50 mMTris, 10 mMEDTA, 2% sodium N-lauryl sarcosine, 
1% 13-mercaptoethanol, and 10 mM vanadyl-ribonuclease 
complexes, pH 7.6. The homogenates were centrifuged 
through a 5.7MCsC1 gradient (100,000g for 16 h at 20~ 
The resulting pellet was suspended in buffer (10 mM Tris, 
5 mM EDTA, and 1% SDS, pH 7.4) and extracted with 
phenol:chloroform:isoamyl alcohol (24:24:1 ) and concen- 
trated by ethanol precipitation. Sample RNA concentration 
was obtained by UV spectrophotometry at 260/280 nm. 
The RNA samples were stored at-85~ until assayed for 
P450AROM mRNA by the RNase protection assay. 

RNase Protection Assay 

A 484-bp fragment of the rat P450AROM cDNA was 
cloned into the pBluescript KS + vector (Lephart et al., 
1990). The construct was linearized with NcoI and used to 
generate a 32p-labeled antisense RNA with T3 RNA poly- 
merase and 32p[CTP]. The resulting antisense transcript 
contained 430-bp of P450AROM 5'-coding sequence and 
90-bp of vector sequence. This probe protects two RNA 
fragments in brain tissue; a 430-bp full-length fragment 
and a shorter 300-bp fragment. The full-length protected 
RNA fragment was used to quantify levels of P450AROM 
gene expression, since we demonstrated previously 
(Abdelgadir et al., 1994) that the full-length RNA fragment 
represents mRNA that encodes functional P450AROM 
enzyme. Sense strand P450AROM used for generating stan- 
dard curves was synthesized using T7 RNA polymerase 
and BamH1 linearized plasmid. In vitro transcription was 
performed according to the manufacturer's instructions 
(Promega, Madison, WI). 

The RNase protection assay was conducted using a 
modification of the Gilman method (Gilman, 1990), as pre- 
viously described (Abdelgadir et al., 1994). The total RNA 
(15 ~g) was hybridized with 500,000 cpm of gel-purified 

32p-labeled antisense probe in 30 gL buffer containing 80% 
deionized formamide, 40 mM piperazine-N-N'-bis (2- 
ethanesulfonic acid), pH 6.4, 0.4MNaC1, and 1 mMEDTA 
for 16 h at 45~ All samples were also hybridized to rat 
cyclophilin cRNA probe (Danielson et al., 1988). This 
221-bp antisense RNA served as an internal control to 
which data were normalized. After hybridization, the 
samples were digested with ribonuclease T 1 (900 U/380 
pL; Gibco-BRL, Grand Island, NY) for 1 h at 37~ The 
digestion reaction was terminated by the addition of 10 gL 
20% sodium dodecyl sulfate and 50 Bg proteinase-K, after 
which the samples were incubated for 20 rain at 37~ Pro- 
tected hybrids were phenol-chloroform extracted, precipi- 
tated with ethanol, denatured, and electrophoresed on a 5% 
polyacrylamide gel containing 7Murea. The gels were dried 
and exposed to X-ray film for 8 h (cyclophilin) or 18 h 
(P450AROM) to generate autoradiograms. The autoradio- 
grams were analyzed by densitometry using a computer- 
based video-imaging system (Imaging Research, St 
Catherines, Canada). For each standard curve, a first order 
polynomial regression was used to relate the autoradio- 
graphic signal (i.e., relative optical density x pixels) to 
known amounts of protected P450AROM sense mRNA. The 
amount of P450AROM mRNA in each sample was then 
determined from the assay standard curve and normalized 
to the internal cyclophilin control value. 

P450 Activity Assay 
AROM 

Freshly dissected brain tissues from individual rats (n = 
5-6/treatment) were homogenized in Dounce tissue grind- 
ers in 30 vol of phosphate buffer (10 mMKH2PO4, 100 mM 
KC1, 1 mM EDTA, and 1 mM dithiothreitiol, pH 7.4). Ali- 
quots of the microsomes were incubated for 1 h at 37 C with 
0.3 laM[ 1 [3-3H]androstenedione (NEN Research Products, 
Dupont Co., Boston, MA; specific activity =27.5 Ci/mmol) 
in the presence of an NADPH generating system. Aro- 
matase activity was estimated by quantifying the amount of 
3H20 generated by the stereospecific loss of the C-1 [3 tri- 
tium that is proportional to the amount of estrogen formed 
(Roselli and Resko, 1991). Protein concentrations were 
determined by the Lowry method (Lowry et al., 1951). The 
results were corrected for procedural losses and nonspecific 
conversion, normalized for sample protein concentration, 
and expressed as fmol/h/mg protein. All samples were ana- 
lyzed in a single assay. 

Steroid Assays 

Trunk bloods were allowed to clot at 4 C overnight 
before they were centrifuged (1500g for 30 min) and the 
sera harvested. Serum steroids (T. DHT, and Diol (5c~- 
androstane-3~x- 1713-diol) were measured by RIA after ether 
extraction and chromatography on Sephadex LH-20 using 
previously described methodologies (Resko et al., 1973; 
Roselli and Resko, 1984). All samples were assayed in a 
single RIA. The percentage of recovery, water blanks, and 
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intra-assay coefficient of variation for each steroid were 
respectively; T. 78%, 13 pg, and 5%; DHT, 64%, 22 pg, and 
10%; Diol, 62%, 3 pg, and 12%. 

Statistical Analysis 

The mRNA and aromatase activity data were analyzed by 
Levene's test for homogeneity of variance and, when neces- 
sary, the data were transformed to lOgl0 values to correct for 
heterogeneity of variance. Differences between treatment 
groups were analyzed by one-way analysis of variance 
(ANOVA) followed by a post hoe Newman-Keuls multiple 
range test. The serum steroid data were analyzed by a non- 
parametic Kruskall-Wallis one-way ANOVA followed by 
Mann-Whitney U-tests to assess differences between treat- 
ments. P values less than 0.05 were considered significant 
for both parametric and nonparametric tests. All statistical 
analysis was performed using GB-STAT software version 
5.4 (Dynamic Microsystems, Inc., Silver Spring, MD). 

R e s u l t s  

The basal concentrations of  P450AROM mRNA and 
enzyme activity in the POA (Fig. 1) were not different 
between CX males and OVX females, but were signifi- 
cantly less than in intact males (p < 0.05). One week after 
hormone treatment, both P450AROM mRNA levels and 
enzyme activity were significantly greater in CX + DHT 
males than in OVX + DHT females (p < 0.05). The concen- 
trations of P450AROM mRNA and enzyme activity were 
maintained at intact male levels in CX + DHT males. How- 
ever, P450AROM mRNA concentrations in OVX+ DHT 
females were significantly lower than in intact males, and 
there was a trend for enzyme activity to also be lower in the 
OVX + DHT group. 

In general, the regulation of  P450AROM in the MBH 
(Fig. 2) paralleled regulation in the POA (Fig. 1). Andro- 
gen-stimulated concentrations of P450AROM mRNA and 
enzyme activity were greater in CX + DHT males than in 
OVX + DHT females (p < 0.05) and no sex differences 
were observed in basal concentrations of mRNA and 
enzyme activity between CX males and OVX females. 
There also appeared to be less correlation between andro- 
gen-stimulated P450AROM mRNA and enzyme activity in 
MBH. P450AROM enzyme activity was restored to intact 
male levels in CX + DHT males, whereas P450AROM mRNA 
were greater in CX + DHT than in intact males. In OVX + 
DHT females, P450AROM enzyme activity was signifi- 
cantly lower than in intact males, whereas there appeared 
to be no difference in P450AROM mRNA between these 
treatment groups. 

Serum T, DHT, and Diol concentrations in CX males 
and OVX females were significantly lower than in intact 
male rats (p < 0.05 for all; Table 1). In DHT-treated rats, 
DHT and Diol concentrations in serum were significantly 
greater than in untreated gonadectomized rats (p < 0.05). 
Serum DHT concentrations were equivalent in DHT-treated 
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Fig. 1. Sex differences in androgen-regulated P450AROM in the 
POA. (A) Representative RNase protection assay showing the 
effect of gonadectomy and T treatment on P450AROM in POA 
(25 p.g total RNA/lane). The UP (undigested probe) lane illus- 
trates the P450AROM mRNA probe (520 nt) that was incubated in 
the assay but not digested. The tRNA lane illustrates P450AROM 
probe that was incubated with tRNA and digested with RNase 
(negative control). The band at 430 nt in each of the treatment and 
the standard curve lanes is the protected P450AROM mRNA frag- 
ment. (B) Mean (+SEM) levels of the 430 nt protected RNA 
fragment determined from the standard curve of P450AROM 
sense RNA and normalized to cyclophilin mRNA levels ( not 
shown); n = 6. (C) Mean (SEM) concentrations of P450AROM 
activity; n = 5-6. Means with different superscripts differ sig- 
nificantly (p < 0.05). 
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Fig. 2. Sex differences in androgen-regulated P450AROM in the 
MBH. (A) Representative RNase protection assay (25 gg total 
RNA/lane). (B) Mean (+SEM) levels of the 430 nt protected 
RNA fragment; n = 6. (C) Mean (+_SEM) concentrations of 
P450AROM activity; n = 4-6. Means with different superscripts 
differ significantly (t9 < 0.05). See Fig. 1 for further details. 

gonadectomized rats and intact males, whereas serum Diol 
concentrations in DHT-treated gonadectomized rats were 
significantly higher than in intact males (p < 0.05). As we 
intended, equivalent serum concentrations of DHT and Diol 
were achieved in CX males and OVX females treated with 
DHT. Serum T concentrations in DHT-treated rats were not 
different from levels in gonadectomized rats. 

Discussion 

The results of this study demonstrate a clear-cut sex 
difference in androgen-stimulated induction of P450AROM 
activity in both the preoptic area and the medial basal 
hypothalamus confirming previous reports in several spe- 
cies (Schumacher and Balthazart, 1986; Steimer and 
Hutchison, 1990; Roselli, 1991ct; Beyer et al., 1994). This 
difference in enzyme activity corresponded to a sex differ- 
ence in P450AROM mRNA concentrations under equivalent 
conditions of DHT treatment. These results support the sug- 
gestion that androgenic stimulation of P450AROM activity 
in brain results from the pretranslational regulation of 
P450AROM mRNA (Harada et al., 1993; Yamada et al., 1993; 
Abdelgadir et al., 1994) and further suggest that this pro- 
cess is sexually dimorphic in rats. In contrast to our results, 
Yamada et al. (1993) did not observe a sex difference in 
T-stimulated levels ofP450AROM mRNA concentrations in 
mice. This discrepancy suggests that in addition to obvious 
experimental differences, species differences may exist in 
the extent to which the regulation of P450AROM is sexually 
dimorphic in adults. 

In order to make relevant sex comparison of androgen- 
regulated P450AROM, our treatment paradigm was designed 
to produce equivalent serum levels of DHT in gonadect- 
omized DHT-treated male and female rats. DHT, unlike T. 
is not aromatizable, and so permits us to examine andro- 
gen-stimulated regulation independent of any estrogenic 
contribution. This is an important consideration since 
androgen- and estrogen-dependent mechanisms both 
appear to be involved in the control of P450AROM activity 
in the POA (Roselli, 1991 b). However, it has been reported 
that whereas treatment with DHT-filled Silastic capsules 
produces physiological levels of circulating DHT, it also 
produces increased serum levels of Diol, a weakly andro- 
genic metabolite ofDHT (Roselli and Resko, 1984; Roselli 
et al., 1987). Diol acts as an interconvertable pool for DHT 
for tissues that contain 30t-hydroxysteroid dehydrogenase, 
e.g., brain and prostate (Noma et al., 1975; Van Doom et al., 
1975). For this reason, both DHT and Diol were measured 
in the present study. We found that 1 wk after gonadectomy 
and DHT treatment, serum DHT and Diol concentrations 
were equivalent in age-matched male and female rats, thus 
making it possible for us to compare the levels of  P450AROM 
mRNA and enzyme activity under conditions where males 
and females were exposed to the same androgenic stimulus. 

Treatment of CX males with DHT maintained both 
P450AROM mRNA concentrations and activity at levels 
identical to intact males suggesting that this dose provided 
a physiological androgen stimulus. However, treatment of 
OVX females with this dose did not increase P450AROM 
mRNA concentrations in POA to levels observed in intact 
males, and resulted in a trend toward lower enzyme activity 
in OVX + DHT females as well. These results are consis- 
tent with the hypothesis that a sex difference in androgen 
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Table 1 
Steroid Hormone Concentrations in Sera 

No. of DHT, Diol, T, 
Treatment observations ng/mL ng/mL ng/mL 

Intact (M) 12 0.14 + 0.02 a 0.36 + 0.04 a 3.76 + 0.44 a 

CX (M) 12 ND 0.03 + 0.01 b 0.02 + 0.026 
OVX (F) 12 ND 0.01 + .0066 .005 + .003 b 
CX (M) + DHT 12 0.14 + 0.04 a 0.71 + 0.07 c .004 + .003 b 
OVX(F)+DHT 12 0.16+0.03 a 0.70+0.11 c 0.02 + 0.016 

See Materials and Methods for details of hormone treatments. CX, Castrate; DHT, dihydrotestosterone; Diol, 5ct- 
androstane-3ct-1713-diol; ND, not detectable; OVX, ovariectomized; T, testosterone; M, male; F, female. 

a'b'C'dMeans with dissimilar superscripts within columns differ significantly by MannWhitney U-Test (p < 0.05, 
two-tailed). 

responsiveness in POA, and consequently the capacity for 
aromatization, is responsible, in part, for gender differences 
in the expression of androgen-stimulated sexual behaviors. 
In the MBH, the concentrations ofP450AROM mRNA were 
significantly greater in CX + DHT-treated males than in 
intact males, but enzyme activity was not different. More- 
over, P450AROM mRNA concentrations were not different 
between intact males and OVX + DHT-treated females, but 
activity levels were significantly lower in females. The lack 
of correlation between P450AROM mRNA concentrations 
and enzyme activity in the MBH suggests that additional 
factors, either posttranslational or allosteric, may contrib- 
ute to regulation and should be studied further. 

Our results show that the basal levels of P450AROM activ- 
ity and mRNA concentrations were not different in gona- 
dectomized males and females, indicating that the fractional 
response to DHT treatment differs between the sexes. Any 
of several factors could contribute to the greater androgen 
responsiveness observed in males. Compared to females, 
males may have greater numbers of aromatase-containing 
cells or greater amounts of aromatase-coupled androgen 
receptor per target cell. Alternatively, the coupling mecha- 
nism between androgen receptors and aromatase gene tran- 
scription may quantitatively differ in males and females. 
Recent attempts to distinguish between these possibilities 
have been inconclusive. Beyer et al. (1994), using hypotha- 
lamic cultures derived from fetal mice, concluded that sex 
differences in hypothalamic aromatase activity are a result 
of higher percentage of neurons expressing aromatase in 
males rather than to higher P450AROM activity in individual 
male hypothatamic aromatase-immunoreactive cells. Like- 
wise, a sex difference in the number ofimmunocytochemi- 
cally identified aromatase-containing cells in the preoptic 
area has been found in adult Japanese quail (Foidart et al., 
1994) and shrew (Rissman et al., 1996). However, after T 
treatment, significant sex differences in enzyme activity 
are present, but gender differences in the numbers of aro- 
matase-immunoreactive neurons are no longer evident 
(Beyer et al., 1994; Foidart et al., 1994). Furthermore, we 
reported previously that in microdissected brain nuclei, sex 

differences in androgen-induced P450AROM activity is 
generally correlated with gender differences in androgen 
receptor concentrations, with the medial preoptic nucleus 
being an important exception (Roselli, 199 la). Taken together, 
these studies suggest that sex differences in P450AROM are 
a result of higher proportion of neurons expressing aro- 
matase, and possibly androgen receptors, in males than in 
females, but do not preclude the possibility that gender 
differences in androgen regulation of P450AROM also exist 
at the cellular or subcellular level. 

It is generally recognized that aromatization ofT to estro- 
gens is required for androgen-stimulated expression of male 
sexual behaviors in rats and a number of other vertebrate 
species (Balthazart et al., 1990; Hutchison, 1990; Sachs 
and Meisel, 1994). Moreover, local aromatization is the 
primary determinant of regional estrogen receptor occupa- 
tion in the male rat brain (Yuan et al., 1995). In contrast, the 
role of aromatization in the adult female brain is not well 
understood. Females will display components of male 
copulatory behavior such as mounting, but rarely exhibit 
the motor patterns characteristic ofintromission and ejacu- 
lation unless they were treated with androgens perinatally 
(Sachs et al., 1973). It is not known to what extent aroma- 
tization in brain is involved in the expression of mounting 
behavior in female rats, although it is required in female 
guinea pigs (Roy and Goy, 1988). Recent evidence sug- 
gests that local aromatization may contribute to estrogen 
receptor occupation in the brain of the female rat during 
estrus, and could serve to maintain estrogen responsiveness 
at this stage of the female reproductive cycle (Yuan et al., 
1995). In another study, it was shown that T can prime 
OVX female rats to exhibit lordosis behaviors and elevated 
LH levels in response to progesterone (Krey et al., 1982). 
These reports suggest that T and/or its locally synthesized 
estrogenic metabolites may contribute to behavioral 
expression and neuroendocrine cyclicity in females. 

Regulation of P450A~OM activity in the brain by andro- 
gens has been extensively studied in rats (Lephart and 
Ojeda, 1990; Jakab et al., 1993; Roselli and Resko, 1993; 
Abdelgadir et al., 1994). An androgen receptor-mediated 
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mechanism is thought to be involved, because induction is 
specific to androgens, blocked by antiandrogens, and not 
observed in androgen receptor-deficient rats (Roselli and 
Resko, 1993). It now s e e m s  likely that androgen acts, for 
the most part, by regulating the expression of the P450AROM 
gene (Harada et al., 1993; Yamada et al., 1993; Abdelgadir 
et al., 1994), However, a major question which has yet to be 
resolved is whether this effect is exerted directly by andro- 
gen receptors in target cells, or indirectly through growth 
factors or effects secondary to activation ofneurotransmis- 
sion. A recent report by Honda et al. (1994) demonstrated 
the presence of  a novel exon 1 and promoter of the aro- 
matase gene in human brain. Analysis of the promoter region 
revealed the presence of both a putative androgen response 
element and steroidogenic factor- 1 (SF- 1) binding sequence. 
The presence of an androgen response element suggests 
that androgens may exert direct transcriptional control over 
the aromatase gene in brain. Meanwhile, the consensus 
SF-1 site, also known as the Ad4 site (Bureau et al., 1995), 
could confer cAMP inducibility in the regulation of brain 
aromatase as it does in granulosa cells (Fitzpatrick and 
Richards, 1993). However, the effect of cAMP on brain 
P450AROM is controversial  because compounds that 
increase intracellular cAMP concentrations have been 
reported to induce (Callard, 1981), suppress (Canick et al., 
1987; Lephart et al., 1992), or have no effect (Black, 1994), 
depending on the species, age of  the animal, and other 
experimental conditions. Moreover, although the orphan 
nuclear receptor SF- 1 (also called Ad4-binding protein) is 
expressed in the rat brain, it is found exclusively within 
the medial basal hypothalamus (Ikeda et al., 1995) and, for 
this reason, is probably not involved in P450AROM regula- 
tion in other brain areas. 

In summary, our results demonstrate that sex differences 
in the regulation of  P450AROM are exerted pretranslationally 
by androgen in the POA and MBH. Thus, this sex difference 
in androgen responsiveness appears to play an important 
role in regulating gene expression in the adult rat brain. 
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