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Abstract

An ethanol oral self administration paradigm showed the
existence of gender differences in alcohol preference in rats:
whereas males and females initiated alcohol drinking at
similar rates, females maintained their preference for etha-
nol over a longer duration. Neonatal estrogenization of fe-
males, which effectively confers a male phenotype on a ge-
netically female brain, resulted in patterns of drinking that
were similar to those displayed by intact male rats, indicat-
ing that gender differences in alcohol drinking patterns may
be, at least partially, accounted for by sexual differentiation
of the brain. To test whether gonadal steroids also exert ac-
tivational effects on ethanol-seeking behavior, we also ex-
amined the effects of gonadectomy alone, or in combination
with gonadal steroid replacement therapy. Castration did
not significantly alter ethanol consumption in males, al-
though treatment of castrated rats with dihydrotestosterone
resulted in a significant inhibition of this parameter. As
compared with the situation in intact female rats, ethanol
ingestion was significantly reduced in ovariectomized female
rats receiving estradiol (E,) and in ovariectomized female
rats receiving combined E, and progesterone replacement
therapy. However, neither ovariectomy nor progesterone re-
placement in ovariectomized rats resulted in ethanol drink-
ing patterns that were different compared to those observed
in intact female controls. Thus, dihydrotestosterone and E,,
respectively, appear to exert modulatory influences on the
male and female rats’ preference for ethanol, but further in-
vestigations are necessary to determine to what extent these
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effects result from activational actions on the brain. (J. Clin.
Invest. 1998. 101:2677-2685.) Key words: alcohol « sexual
differentiation of the brain « gender - addiction

Introduction

The need for a better understanding of the biological mecha-
nisms underlying sex differences in ethanol consumption is be-
ing increasingly recognized. For example, there has been a dra-
matic rise in the estimated prevalence of alcoholism among
women living in North America over the last three decades.
Whereas the male/female ratio for alcoholism was estimated at
6:1 in the 1960s (1), this ratio was estimated at about 3—4:1 (2)
in a recent United States epidemiological survey. Although a
general population survey in the United States suggested that
the percentage of women who drink declined between 1981
and 1991, one of its findings was that the frequency of alcohol
intoxication among younger women was rising (3). The extent
to which such trends merely reflect changes in social attitudes
(4,5), or the methods used for collecting epidemiological data,
remains obscure. Nevertheless, it is interesting that Dawson
and Archer (6) identified the female gender as a risk factor for
developing alcohol dependence despite the fact that the daily
average ethanol intake by men is about double that of women
after adjusting for body weight and body water.

Gender-specific patterns of ethanol ingestion in rodents
were not recorded in the older literature (for review see refer-
ence 7). However, Eriksson (8), and Eriksson and Pikkarainen
(9) reported greater ethanol consumption in female rats
(ALKO strain) and mice (C57BL strain), respectively. Juarez
et al. (10) reported that female vervet monkeys show higher al-
cohol intake frequencies than males. Such sex differences in
ethanol intake, which are just the opposite of those found in
humans (see above), rhesus monkeys (11), and Syrian ham-
sters (12), have since been well established (13). Species is thus
an important variant in determining gender-related alcohol
drinking patterns.

In contrast to the positive motivational effects associated
with ethanol consumption, the aversive stimulus properties of
ethanol are thought to be involved in the regulation (titration)
of intake. Intraperitoneal injections of ethanol can produce
conditioned taste aversions; rats learn to avoid distinctively-
flavored solutions paired previously with ethanol administra-
tion (14-16). Therefore, it is likely that variations in ethanol
consumption may reflect underlying differences in the innate
threshold of the aversive stimulus properties of ethanol.

Extensive studies have demonstrated that social, environ-
mental, and genetic factors also contribute to the risk for alco-
hol dependence (3, 17). In addition, the better ability of men to
metabolize and clear alcohol, resulting in lower blood alcohol
concentrations usually serves as an explanation for gender dif-
ferences in alcohol consumption in humans. A similar explana-
tion may also account for sex-specific patterns of alcohol
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preference in rats: Mezey et al. (18) found gastric alcohol de-
hydrogenase (ADH)' activity to be higher in females than in
males, and, consistent with the latter, Middaugh et al. (19) ob-
served blood alcohol concentrations to be higher in males than
in females after equivalent doses of ethanol (however opposite
findings were reported in reference 20). An obvious question
that arises from these observations is whether the enzymatic
degradation of alcohol is driven by gonadal steroids. Data ob-
tained by Vaubourdolle et al. (21) suggests an inhibition of
ADH by testosterone and dihydrotestosterone in men; on the
other hand, Lammers et al. (22) failed to observe a correlation
between ethanol pharmacokinetics and estrogen secretion in
women. Similarly, ADH activity was not altered by ovariec-
tomy and orchidectomy in rats (18). Further, Dorgan et al.,
(23) did not observe a positive association between estrogen
concentrations and alcohol ingestion in women. Given the ap-
parent rise in alcohol dependence in women, and growing evi-
dence that the medical consequences of chronic alcohol con-
sumption may be more severe in women than in men (24-26),
it seems appropriate to investigate all the possible biological
mechanisms that might underlie its gender-related prevalence.
While the study of sex differences in voluntary alcohol con-
sumption in humans (4) and rats (27, 28) has been generally
neglected, there is an even greater paucity of studies on brain-
associated mechanisms that might account for these differ-
ences.

That sex steroids might be acting directly in the brain to in-
fluence ethanol preference was suggested by a recent study by
Blanchard and Glick (29) who showed gender differences in
the response of the mesolimbic dopaminergic reward system
of the rat brain: female rats consumed more ethanol than
males and displayed a greater release of dopamine in the
nucleus accumbens, but the direct role of steroids was not
addressed. In classical neuroendocrinology, sex steroids are
considered to exert two types of action—organizing and acti-
vating—in the brain. Activational effects are seen throughout
life, the patterns of response being determined by neural tem-
plates that are organized during early development, e.g.,
through sexual differentiation of the brain. In mammals, the
brain is female by default unless it experiences a surge of tes-
tosterone that is subsequently aromatized to estrogen (physio-
logical differentiation). In the rat, brain gender can be experi-
mentally manipulated during the first 10 d of postnatal life
either by castration, or pharmacologically, by the application
of testosterone or estradiol (30, 31). In this study, we used the
last approach to establish whether sexual differentiation of the
brain, as determined by the early sex steroid milieu, might ac-
count for the typical male—female patterns of ethanol prefer-
ence and ingestion in rats. In addition, we examined the activa-
tional role of sex steroids upon ethanol preference in mature
rats that were gonadectomized and selectively substituted with
androgen, estrogen, and/or progesterone.

1. Abbreviations used in this paper: ADH, alcohol dehydrogenase;
ALDH, acetaldehyde dehydrogenase; AUC, area under the curve;
DHT, dihydrotestosterone; E,, 17B-estradiol; Gdx, gonadectomy;
NE,, neonatal estrogenization; OSA, oral self administration; P,,
progesterone.
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Methods

Animals. Wistar rats, derived from original stock at the Max Planck
Institute of Biochemistry (Martinsried, Germany), were used in these
studies. Animals were housed under standard laboratory conditions
(12 h light, 12 h dark cycles, with lights on at 6 A.M., 22°C, relative hu-
midity, 60%), and maintained on ad libitum standard laboratory
chow and water, unless specifically stated otherwise. Animals were
group housed until 1 wk before the commencement of the oral self
administration (OSA) studies, when they were individually caged. All
procedures were carried out in accordance with the National Insti-
tutes of Health Guidelines on Animal Welfare, and were approved by
the local animal experimentation regulatory authorities. Each treat-
ment group consisted of six to eight animals.

OSA procedure. Animals were single caged 1 wk before testing
in the OSA. At this time, all animals had reached adulthood (body
weight ranges: males, 250-300 g; females, 175-200 g; neonatally-estro-
genized [NE,] females, 220-260 g). The OSA procedure used was
identical to that described recently (16). Briefly, a free choice drink-
ing procedure was used, with rats having free access to solutions of
ethanol or water over a period of 23 h daily. Consumption of fluids
was measured daily during a 1-h period, when bottles were weighed
and filled with fresh solutions. The initial concentration of alcohol
presented was increased from 2 to 4% (4 d each), followed by in-
creases to 8 and 12% (4 d each). The positions of the two drinking
bottles were changed randomly every day in order to avoid positional
preferences. Ethanol preference was estimated as the percent ratio
between total ethanol fluid consumption and total fluid (ethanol plus
water) intake. Animals were weighed at weekly intervals, allowing
computation of absolute ethanol consumption (gram/kilogram). Food
was available ad libitum throughout the OSA procedure.

Experiment 1: do gonadal steroids play an organizational role in
determining gender differences in alcohol preference and consump-
tion? Groups of adult male, female, and NE, female rats (n = 6-8 per
group) were exposed to the above-described OSA protocol. Rats
used for neonatal estrogenization were delivered from timed preg-
nancies; litters were culled to eight pups each and pups were sexed us-
ing ano-genital distance to distinguish males from females (30). Start-
ing on the day of birth, and on every alternate day thereafter until the
postnatal day 10, female pups received 10 g of 17B-estradiol (E,;
Sigma Chemical Co., St. Louis, MO; dissolved in sesame oil, total vol-
ume 0.1 ml) by subcutaneous injection, the site of injection being
sealed with Histoacryl (Braun, Melsungen, Germany). Subgroups of
female neonates and all male pups that would subsequently serve as
controls were injected with oil only. Pups were weaned from their
mothers at the age of 21 d and then housed according to perinatal
treatment until tested in the OSA protocol. Both ethanol preference
and ethanol intake relative to body weight were monitored in these
animals.

Experiment 2: do the gender-specific organized patterns of ethanol
drinking persist upon re-exposure to alcohol after a period of absti-
nence? Adult male, female, and NE, females (prepared as above)
were exposed to the ethanol OSA paradigm. In this particular experi-
ment, animals were presented with solutions containing ethanol at 2,
4, and 8% (4 d each); they were subsequently given a 12% ethanolic
solution for 6 d, after which ethanol solutions were withdrawn for 7 d.
During this period of abstinence, animals were maintained on ad libi-
tum water. They were then re-exposed to 8% ethanol solutions (OSA
procedure as before) for 6 d; the 8% ethanol concentration was cho-
sen in view of the preceding observation of a tendency for all groups
of rats to reduce their ethanol ingestion when presented with 12%
ethanolic solutions. Ethanol intake was monitored during the initial
and postabstinence periods.

Experiment 3: do gonadal steroids exert activational effects on eth-
anol consumption? This question was addressed by making compari-
sons of ethanol intake (OSA procedure described above) between
groups of sexually mature male and female rats that were either sham
operated or gonadectomized (Gdx). Surgeries were performed under



Table L.
Ethanol concentration in drinking solution
Gender 2% 4% 8% 12%
Male 32.3+0.9 36.4*x1.3 32.1%2.1 28.3%+0.6
Female 43.9+2.1 552*1.9 36.9+1.0 30.8%0.6
NE, Female 41321 449+23 37.9+1.8 38.3*+1.5

Mean (=SEM) volumes of total fluid ingested (water plus ethanol) dur-
ing each phase of ethanol exposure (2, 4, 8 and 12% solutions) by male,
female, and NE, female rats during the ethanol OSA experiment (per-
cent ethanol preference data are depicted in Fig. 1). Each gender group
was comprised of eight rats; results of ANOVA on these data are given
in Results (Experiment 1).

barbiturate anesthesia (Brevymital; Lilly, Bad Homburg, Germany;
30 mg/kg i.p.) 7-10 d before exposure to the OSA paradigm. Sub-
groups of Gdx males were given daily subcutaneous injections of 100 g
dihydrotestosterone (DHT; Sigma Chemical Co.; solubilized in ses-
ame oil) or vehicle 1 d before and throughout the OSA procedure.
All oil and steroid injections were administered between 8 and 10

100

A.M. Starting 1 d before, and during the entire OSA testing, sub-
groups of Gdx females were given subcutaneous injections of vehicle
(sesame oil), 5 g of E,, 1 mg of progesterone (P,; Sigma Chemical
Co.) or a combination of E, and P,. Ethanol intake was monitored as
before.

Data presentation and statistical analysis. All data are shown as
means*=SEM. In some cases, cubic equations were fitted to the raw
data in order to aid distinction between treatment effects in the dif-
ferent treatment groups (see Figs. 3-5). Standard pharmacological
methods for expressing overall treatment effects, namely measures of
areas under the curve (AUC) derived from the above-mentioned cu-
bic equations, were also used in some instances (see Fig. 3). Irrespec-
tive of presentation style, all data were subjected to ANOVA and
Tukey’s or Dunn’s post hoc multiple comparison tests, with the ac-
ceptable level of significance being preset at P =< 0.05 in all tests. For
analysis of effect of ethanol concentration in drinking fluid (concen-
tration changes made in step-wise manner every 4 d), individual data
from a given phase (e.g., days 1-4, 5-8, etc.) were pooled.

Results

Experiment 1. Two-way ANOVA revealed a significant effect
of gender (male, female, and NE, female) on ethanol prefer-
ence ratios (F = 141.69, df = 2, 84; P < 0.001), as well as of
ethanol concentration in drinking solutions (2, 4, 8, or 12%

% Ethanol Preference

0 4 8 12
Days OSA

NE, Femalesl
]

Figure 1. Ethanol preference profiles

for male, female, and NE, female rats
(means*=SEM are shown; n = 8 rats per
treatment group). Animals were exposed to
an ethanol OSA paradigm in which alcohol

o e concentrations were increased step-wise ev-
— 8 c=_> m ery4d (black squares). Tukey’s multiple
L4 5 O  comparison test revealed the following sig-
—23 T nificant differences (P < 0.05): 4% ethanol

solution: males versus females; 8 and 12%
16 ethanol solutions: all gender groups signifi-

cantly different from each other. All other
statistical differences are described in the
text.
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ethanol; F = 523.64, df = 3, 84; P < 0.001). Further, a signifi-
cant interaction between gender and treatment was detected
(F = 26.05, df = 6, 84; P < 0.001). The total volumes of fluid
(water plus ethanol) consumed by each gender group during
each 4-d phase of exposure to the different ethanol concentra-
tions are shown in Table 1. Analysis of those data (Kruskall-
Wallis ANOVA) detected significant gender-related differences
in fluid consumption (H = 67.2, df = 2; P < 0.001). Significant
differences in the amounts of fluid ingested during exposure to
the different concentrations of ethanol were also found within
each gender group (males: H = 26.04, df = 3, P < 0.001;
females: H = 74.24, df = 3, P < 0.001; NE, females: H = 7.93,
df =3, P <0.05).

Adult male, female, and NE, female rats displayed similar
preferences (around 80%; P = 0.05) for alcohol when pre-
sented at concentrations of 2 and 4% (Fig. 1). When the con-
centration of ethanol was increased to 8% and above, all

groups of rats showed a marked decline in their preference for
ethanolic solutions (P < 0.05 for all gender groups). At these
higher concentrations, however, major differences in prefer-
ence rates between the different gender groups became dis-
cernible, with females showing significantly higher preference
scores as compared with males (P < 0.05), but also to NE, fe-
males (P < 0.05). Ethanol preference was significantly higher
in the NE, female group as compared with males (P < 0.05).
An analysis of absolute daily ethanol consumption re-
vealed that females consumed significantly greater amounts of
ethanol (relative to body weight) than males and NE, females
throughout the OSA procedure (P = 0.05; Fig. 2). During the
initial phases of ethanol presentation, NE, females consumed
significantly more ethanol than males (P = 0.05), although the
difference between the two groups was abolished with increas-
ing duration of exposure to the OSA protocol, i.e., at higher
concentrations of ethanol in the drinking fluid. Interestingly,

8%
29 A%
10 -
H—H Males
1| O0—0 Females
V=V NE, Females
8 -

Ethanol Intake, g/kg

12%

% EtOH
Solution

Figure 2. Daily ethanol ingestion by male, fe-
male, and NE, female rats during ethanol self-
administration. The data shown here are from

Days OSA
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the same set of animals for which ethanol pref-
erence profiles are shown in Fig. 1. Data refer

to means*SEM, with n = 8 rats per treatment
group. All statistical differences are described

in the text.
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all three groups showed an ability to regulate their daily etha-
nol intake to a relatively constant level (~ 7g/kg in females,
and 2-4 g/kg for males and NE, females), despite the gradual
increases in the concentration of ethanol in the drinking solu-
tions.

Experiment 2. During first exposure to the OSA paradigm,
groups of males, females, and NE, females showed ethanol in-
take profiles that were similar to those obtained in Experiment
1 (compare Figs. 2 and 3). A two-way ANOVA disclosed sig-
nificant effects of gender on ethanol intake per kilogram body
weight (F = 61.5, df = 2, 80; P < 0.001), as well as of ethanol
concentration (exposure to 2, 4, 8 or 12% ethanol; F = 22.35,
df = 3, 80; P < 0.001). In addition, significant gender X etha-
nol concentration interactions were detected (F = 4.99, df = 6,
80; P < 0.001). Pairwise multiple comparison tests revealed the
following significant differences (P < 0.05): male versus fe-
male, male versus NE, females, and females versus NE, fe-
males. Based on AUC computations, females were found to
consume approximately three times as much ethanol as males,
and approximately 1.6 times more than NE, females. After a
1-wk period of abstinence, animals were reintroduced to the
OSA procedure with alcohol being presented at a concentra-
tion of 8%. All groups of animals reinstated ethanol drinking
at levels (in terms of grams ethanol ingested per kilogram) that
were statistically comparable (P > 0.05) to those seen during
the previous exposure to 8% ethanolic solutions. Gender
proved to exert a significant influence over postabstinence eth-
anol ingestion (H = 18.98, df = 2; P < 0.001). Pairwise com-
parisons revealed significant differences in postabstinence eth-
anol intake between males versus females and females versus
NE, females (P < 0.05); there were no significant differences
between amounts ingested by males and NE, females. Further,
the relative differences between the groups, as judged by AUC
measurements, showed a rank order similar to that seen during
the initial OSA procedure (male and NE, female ethanol in-
take being, respectively, 2.4 and 2 times lower than that of fe-
males).

Experiment 3. To address the question of whether gonadal

Males: AUC=33.3
Females: AUC=91.4
NE, females; AUC=55.8
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Figure 4. Comparison of ethanol ingestion by intact, castrated, and
DHT-supplemented castrated male rats during exposure to an OSA
paradigm in which animals were presented with a free choice of
drinking solutions containing water or increasing concentrations of
ethanol. Actual data points shown are means=SEM (n = 6-8 animals
per group). The line plots are based on cubic fits to the raw data. All
statistical differences are described in the text.

steroids secreted during adulthood might influence ethanol
drinking, intact male and female rats, as well as Gdx males and
females that received either vehicle (oil) or sex steroid hor-
mone replacement therapy: males, DHT; females, either E,,
P4, or E, and P,) were exposed to the OSA procedure.

In males, the gonadal steroid milieu proved to exert signifi-
cant effects upon ethanol consumption (F = 24.61, df = 2, 36;

Males: AUC=13.9 Figure 3. Amounts of ethanol in-
Females: AUC=33.8

NE, fomalas: AUG=174 gested by male, female, and NE, fe-
- male rats during a first exposure to
an ethanol OSA paradigm, and after
-1 a second exposure to the OSA after
a 7-d period of abstinence. The OSA
protocol used in this experiment
consisted of presentations with solu-
tions containing 2% (days 1-4), 4%
(days 5-8), 8% (days 9-12), and 12%
(days 13-18) of ethanol; after the ab-
- stinence period, rats were presented
with solutions containing 8% etha-
— nol. During all phases of the experi-
ment, bottles containing water only
— were also freely available to the ani-
] mals. Actual data points shown are
N means*+=SEM (n = 6-8 animals per
group); the line plots are based on

1 5 10 15 20 |1
Days OSA

TTTT 1T
3571

Days Abstinence

cubic fits to the raw data from which
areas under the curve (AUC) were
further derived. All statistical differ-
ences are described in the text.
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Days OSA
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P = 0.03; Fig. 4). Pairwise comparison testing revealed that al-
though intact and castrated rats did not differ in their ethanol
intake, castrated DHT-treated rats drank significantly smaller
amounts of ethanol than intact and castrated controls (P <
0.05).

Overall, the various hormone manipulations in female rats
produced significant effects on ethanol ingestion (F = 7.589,
df = 4, 44; P < 0.001). Nevertheless, application of Tukey’s
test for multiple pairwise comparisons revealed a complex pat-
tern of influence of the sex steroid milieu upon ethanol intake.
As shown in Fig. 5 a, ovariectomized females displayed large
fluctuations in their daily ethanol intake, and, although they
tended to show an overall reduction in drinking solutions con-
taining 12% ethanol, post hoc comparisons between the data
for intact and ovariectomized rats failed to reach significance
(P > 0.05). As compared with intact females, ovariectomized
rats that were supplemented with E, showed a significant de-
crease in their ethanol consumption (P < 0.05; Fig. 5 b); how-
ever, their ethanol ingestion was not significantly greater than

that observed in untreated ovariectomized females (P > 0.05).
Ovariectomized rats receiving P, replacement therapy did not
drink significantly different amounts of ethanol as compared
with their gonad-intact counterparts (Fig. 5 ¢; P > 0.05); they
also did not differ significantly in this respect from untreated
and E,-treated ovariectomized rats (P > 0.05). Ethanol inges-
tion was significantly lower in ovariectomized rats given com-
bined E, and P, treatment than in intact female rats (Fig. 5 d;
P < 0.05) and in untreated ovariectomized rats (P < 0.05).
However, ethanol ingestion was not significantly different be-
tween the E,/P,~treated, E,-treated, and P,-treated groups
(P> 0.05).

Discussion

Using an OSA procedure, we confirmed previous reports (13,
32, 33) that male and female rats differ markedly in their inges-
tion of ethanol, with females consuming significantly greater
amounts of the substance (however, see reference 34). Fur-
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Figure 5. Comparison of ethanol ingestion by intact female (a—d), ovariectomized (a), E,-supplemented ovariectomized (), P,-supplemented
ovariectomized (c), and E,+P,—supplemented ovariectomized (d) rats. All treatment groups were exposed to an OSA paradigm in which ani-
mals were presented with a free choice of drinking solutions containing water or increasing concentrations of ethanol. Actual data points shown
are means=SEM (n = 6-8 animals per group). The line plots are based on cubic fits to the raw data. All statistical differences are described in

the text.
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ther, we established that the larger amounts of ethanol in-
gested by females had a behavioral correlate insofar that fe-
male rats showed markedly higher ethanol preference scores
in the presence of another drinking fluid of choice (water) and
without food deprivation. The latter may be taken to indirectly
indicate the positive reinforcing properties of the alcohol de-
livered by OSA (compare references 35-38). Interestingly,
males and females showed the ability to regulate or titrate
their alcohol intake with increasing ethanol concentrations in
the drinking solution, although females appeared to be worse
in this respect (33), possibly reflecting gender differences in
sensitivity to the aversive stimulus properties of ethanol. The
gender differences observed here may be accounted for, at
least partially, by the fact that female rats have been demon-
strated to be able to metabolize and clear alcohol more effec-
tively than males (18). Thus, on one hand, their exposure to
the adverse central and peripheral effects of alcohol is re-
duced, on the other hand, they need to drink more in order to
maintain a given blood alcohol level. However, it is worth not-
ing that, although alcohol exerts very potent effects on CNS
function, and often in a gender-specific mode (25, 29, 39, 40—
42), sex differences do not exist in the activities of ADH and
acetaldehyde dehydrogenase (ALDH) in the brain (43).

The addictive potential of alcohol, like that of other drugs
of abuse, is believed to be based on its motivational properties
(38). There is now evidence that the latter are mediated by the
mesolimbic dopamine system (44). In a recent study, Blan-
chard and Glick (29) showed that ethanol-stimulated dopa-
mine release in the nucleus accumbens is more pronounced in
female rats than in male rats. This finding strongly suggests
that alcohol-sensitive CNS substrates may be sexually differen-
tiated in a fashion analogous to that seen for several neuroen-
docrine secretions and behaviors (31), and served as the ratio-
nale for a major part of these studies. Our experiments using
NE, as a means to phenotypically masculinize the female brain
(30, 31) strongly suggest that sex differences in alcohol prefer-
ence and consumption result from the organization of the
brain during early development. Specifically, we observed that
NE, female rats, like their male counterparts, show ethanol
drinking profiles that are distinct from those displayed by nor-
mal female rats (lower preference, lower absolute intake). In
all cases, the data for the NE, females were found to be inter-
mediate between those obtained for males and females, a typi-
cal finding in experiments of this nature (31, 45) that most
probably reflects the inability to completely masculinize the
undifferentiated brain (30). We also showed that, irrespective
of whether sexual differentiation occurs physiologically or is
induced experimentally, the gender-specific patterns of etha-
nol intake seen during initial exposure to the substance con-
tinue to be expressed even after a period of abstinence. These
results provide a novel view on the mechanism by which
sex-related patterns in ethanol drinking patterns can be ac-
counted for.

Since certain hepatic enzymatic systems (but not necessar-
ily ADH and ALDH) are differentiated under the control of
developmentally secreted sex steroids (46), it is necessary to
consider the possibility that our NE, manipulation might have
resulted in a masculinization of the ADH and ALDH systems,
i.e., our suggestion that sexual differentiation of the brain is
the principal factor may be incorrect. In interpreting our find-
ings, it is also necessary to consider the possibility that, rather
than altering ethanol preference per se, our NE, procedure

might have altered this parameter by differentiating the neural
circuits responsible for sex differences in taste reactivity. As
reviewed by van Haaren (47), gender differences in taste reac-
tivity may represent an important factor in determining alco-
hol preference although the mechanisms must still be explored
more thoroughly.

Besides their important organizational effects during de-
velopment, sex steroids also act in a so-called activational ca-
pacity throughout life (31, 45). The latter effects occur not only
in the brain but also at peripheral targets such as the liver. Fur-
ther, ethanol exerts a major influence upon gonadal steroid se-
cretion in both humans and animals (48, 49). An experiment
was thus conducted to examine whether ethanol intake is in-
fluenced by manipulations of the sex steroid milieu during
adulthood, i.e., when the brain is fully sexually differentiated.
Neither ovariectomy nor castration affected ethanol ingestion.
When considered together with the results of studies by Mezey
et al. (18) showing that ADH activity is unaffected by gonad-
ectomy, our observations tend to argue against a metabolic ba-
sis for these different responses. On the other hand, the finding
that DHT treatment of castrated rats resulted in an inhibition
of ethanol ingestion can possibly be accounted for by this ste-
roid’s potent inhibitory effects upon alcohol metabolizing en-
zymes in vitro (21, 50). If applicable in vivo, DHT-treated ani-
mals would experience high blood alcohol concentrations
over an extended period. In contrast to testicular androgens
such as DHT, estrogens have not been found to alter ADH ac-
tivity in rats (50). A comprehensive review of the literature on
alcohol pharmacokinetics in women in different phases of the
menstrual cycle also failed to find any dependence of this pa-
rameter on sex hormone levels (22, 51). Unfortunately, the re-
sults of our investigation on the effects of E, and/or P, replace-
ment therapy in ovariectomized rats proved difficult to
interpret. Surprisingly, ovariectomized rats treated with E,
alone showed a decrease in ethanol ingestion as compared
with intact (but not ovariectomized) rats, and ovariectomized
rats treated with a combination of E, and P, consumed less
ethanol than intact and nonsteroid-treated ovariectomized
rats. Since P, did not exert any significant effect on its own, it
seems warranted to conclude that E, does have a modulatory
effect on ethanol preference, the manifestation of which is sub-
tly determined by the presence or absence of P, and/or some
other ovarian factor. These apparently complex interactions
between E, and P, may underlie previous unsuccessful at-
tempts to draw convincing correlations between menstrual
fluctuations in E, and P,secretion with alcohol consumption in
women (23). Given reports that women may consume larger
amounts of alcohol during the premenstruum, when blood P,
titers are rising (52), it seems imperative that more studies are
conducted on examining the role of ovarian steroids on alco-
hol seeking behavior.

In summary, we have confirmed previous findings that rats
display pronounced gender-related differences in the con-
sumption of alcohol, with females ingesting approximately
twofold greater amounts of ethanol in an OSA procedure.
These differences, which agree with a behavioral measure of
alcohol preference, can be modulated by the neonatal gonadal
steroid environment, a finding highly supportive of the view
that they may emerge from sexually differentiated or orga-
nized brain mechanisms. The results presented here point to
the impact that sex steroids can have during early brain devel-
opment and differentiation on subsequent alcohol-seeking be-
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havior. Apparently complex interactions were also demon-
strated between gonadal steroids and ethanol ingestion, and it
was postulated that the majority of these most likely occur at a
central site rather than in the metabolic pathways leading to al-
cohol elimination. Although the relationship between gender
and ethanol consumption in humans is inverse to that in rats,
the results presented here may have consequences for further-
ing our knowledge—beyond the common explanations based
on alcohol metabolism—on why men ingest more ethanol than
women. For example, and especially in view of the changing
ratio of alcoholism in men and women (see Introduction), the
possibility that prenatal exposure to estrogens, which have the
potential to alter sexual differentiation of the brain, may play a
role in the changing demographic patterns of alcoholism needs
to be considered. This aspect may be particularly relevant in
the context of unknowing exposure to the so-called environ-
mental estrogens.
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