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Chronic Daily Ethanol and Withdrawal

4. Long-Term Changes in Plasma Testosterone Regulation,
But No Effect on GnRH Gene Expression or Plasma LH Concentrations
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Although ethanol has been repeatedly demonstrated
to inhibit the hypothalamo-pituitary—testes axis by
multiple mechanisms, plasma testosterone levels can
be normal in alcoholics who do not exhibit severely
compromised liver function and even increased in some
abstinent alcoholics, suggesting that adaptive changes
to chronic alcohol abuse may alter these regulatory
mechanisms. To address this variability, we have inves-
tigated the effects of chronic ethanol and withdrawal
on rat testosterone regulation using a well-character-
ized liquid diet model that we have previously demon-
strated to (1) provide daily oral ethanol consumption
that produces behaviorally relevant plasma ethanol
levels during the active (awake) stage of the photo-
period; (2) establish physical dependence on ethanol;
and (3) produce not only hypothalamo-pituitary-adre-
nal axis, but also behavioral (anxiety-like behavior,
response to novelty, sucrose preference) changes con-
sistent with those of actively drinking and subsequently
abstinentalcoholics. The results demonstrate that chro-
nic daily episodes of ethanol consumption and with-
drawal by male Sprague-Dawley rats decreased (p <
0.01) plasma testosterone levels late in the afternoon
(by 70% relative to ad libitum—fed controls and 63 %
relative to pair-fed controls), but not in the morning.
During gradual cessation of daily ethanol consumption,
morning plasma testosterone levels increased, and this
90-115% (p < 0.05) increase was maintained for 3 d
after complete cessation of ethanol consumption. Three
weeks after cessation of ethanol consumption, plasma
testosterone levels were again increased by approx
100% (p < 0.01). Plasma luteinizing hormone (LH) con-
centrations and anterior hypothalamus/preoptic area
gonadotropin-releasing hormone (GnRH) mRNA levels
were not altered at any of these time points. Thus,
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chronic daily ethanol consumption and daily with-
drawal induced changes in circulating testosterone reg-
ulation that (a) were time of day dependent and (b)
included adaptive changes persisting long after con-
sumption of ethanol ceased. Accordingly, resolution of
changes in testosterone regulation and their potential
roles in alcohol abuse and relapse will require evalu-
ating changes throughout the circadian cycle during,
shortly after, and long after active alcohol abuse.

Key Words: Alcohol; ethanol; testosterone; withdrawal;
abstinence; circadian.

Introduction

Ethanol can suppress activity of the hypothalamo—pitu-
itary—gonadal (HPG) axis through inhibition of hypotha-
lamic gonadotropin-releasing hormone (GnRH) and/or
pituitary luteinizing hormone (LH) secretion (/-9) as well
as directly at the testes, through inhibition of testosterone
biosynthesis (10—14). In addition, there is evidence that
ethanol-induced acute inhibition of testosterone secretion
can also be mediated by a direct brain—gonadal neural path-
way (15). Nonetheless, normal serum levels of testoster-
one have been reported in noncirrhotic alcoholics and in
cirrhotic alcoholics without hepatic decompensation (i.e.,
individuals with long-term intensive ethanol use but with-
out the confounding influence of severely compromised
liver function), as reviewed by Heinz et al. (16). Further-
more, testosterone levels have been reported to be elevated
during abstinence by subjects exhibiting type II alcoholism
(17). This variability suggests that long-term ethanol use
may induce adaptive changes in testosterone regulation.

To address the variability of ethanol-induced changes in
testosterone levels, we have investigated the effects of chronic
ethanol and withdrawal on rat testosterone regulation using
a well-characterized liquid diet model that we have pre-
viously demonstrated (18,19) to (1) provide reproducible
daily oral ethanol consumption that produces behaviorally
relevant plasma ethanol levels during the active (awake)
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Fig. 1. Effect of chronic ethanol consumption and withdrawal on morning plasma testosterone levels after rapid (1 wk) introduction of
ethanol to the liquid diet (Experiment 1). The rats were killed 3 h after lights-on at intervals during the experimental trial: (A: 5%) after
1 wk gradual introduction and 4 wk of 5% (w/v) ethanol consumption; (B: 2.5%) midway through subsequent withdrawal of ethanol from
the diet (i.e., after 1 d of 2.5% ethanol), and at 1, 3, 7, or 21 d after complete withdrawal of ethanol from the diet (C: 0% + 1 d, D: 0%
+3d,E: 0%+ 7d, and F: 0% + 21 d, respectively). Each bar represents the mean & SE of 9-10 rats. *p < 0.05 vs both ad libitum—fed
controls and pair-fed controls. +p < 0.05 vs ad libitum—fed controls.

stage of the photoperiod; (2) establish physical dependence
on ethanol; and (3) produce not only hypothalamo—pitui-
tary—adrenal axis, but also behavioral (anxiety-like behavior,
response to novelty, sucrose preference) changes consistent
with those of actively drinking and subsequently abstinent
alcoholics. We reasoned that using this model, which has been
confirmed to produce not only daily oral ethanol consump-
tion but also both neuroendocrine and behavioral changes
characteristic of actively drinking and subsequently absti-
nent alcoholics, would allow determination of chronic etha-
nol- and withdrawal-induced changes in testosterone reg-
ulation especially relevant to alcoholics and alcohol abusers.

Results

Experiment 1:
Rapid (1 Wk) Introduction of Ethanol,
Liquid Diet Continuously Available

We reported in a previous article in this series that the
addition of 5% (w/v) ethanol to liquid diet suppressed weight
gain for approx 3 wk in the rats evaluated in this study (data
previously presented in ref. /8). This suppression of weight
gain was associated with an initial 50% decrease in liquid
diet consumption, which gradually stabilized over 3 wk to
a level approx 90% that of the ad libitum—fed control rats;
after stabilization of liquid diet consumption, the ethanol-
fed rats and their pair-fed counterparts again gained weight
at a rate similar to that of the ad /libitum—fed control rats
(18). There were no significant differences in body weights

of pair-fed control rats versus ethanol-treated rats at any
time point in the study (78). Daily provision of 5% ethanol
in the liquid diet produced nocturnal plasma ethanol levels
of 141 + 24 mg/dL at the time of decapitation (i.e., 3 h after
lights-on) on the last day of chronic ethanol consumption
(i.e., at point A in Fig. 1); corresponding plasma ethanol
levels in the ad libitum—fed and pair-fed rats were less than
the 10 mg/dL detection threshold (78). During this final
week of ethanol treatment, rats receiving ethanol drank sig-
nificantly more supplemental water than did ad libitum—fed
and pair-fed controls (18).

After 4 wk of daily 5% ethanol consumption, plasma tes-
tosterone levels at 3 h after lights-on were not significantly
altered (Fig. 1). However, plasma testosterone levels began
to increase during gradual removal of ethanol from the diet
(i.e., greater than 60% increase relative to both ad libitum—
fed controls and pair-fed controls, p <0.05, when the liquid
diet ethanol concentration was 2.5%) and remained ele-
vated by 90—115% relative to both ad libitum—fed controls
and pair-fed controls (p < 0.05) for 3 d after complete
removal of ethanol (Fig. 1). At 21 d after removal of etha-
nol from the liquid diet, plasma testosterone levels were
again increased (p < 0.05) in the rats that had been treated
with ethanol (130% relative to ad libitum—fed controls) as
well as in the pair-fed control rats (88% relative to ad libi-
tum—fed controls) (Fig. 1).

Morning plasma LH levels and anterior hypothalamus/
preoptic area GnRH mRNA concentrations were not sig-
nificantly altered by long-term daily ethanol consumption,
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Table 1
Chronic Daily Ethanol, Withdrawal,
and Forced “Abstinence” Effects on Morning Plasma LH
and Hypothalamic GnRH mRNA Levels After Rapid (1 wk)
Introduction of Ethanol to the Liquid Diet (Experiment 1)¢

GnRH mRNA
LH (fg/pg 1B15
(ng/mL) mRNA)

A: 5% Ad Lib Control 30+£04 0.88 £ 0.05
Pair-Fed Control 41+0.5 0.90 + 0.04

Ethanol 34+0.5 0.84 + 0.04

B:2.5% Ad Lib Control 34+04 0.94 +0.05
Pair-Fed Control 35+£0.8 0.92 +£0.07

Ethanol 32+0.6 0.83 £0.03

C:0%+1d AdLib Control 32+04 0.85 +0.06
Pair-Fed Control 3.6+0.2 0.98 +0.05

Ethanol 4.6 +0.5 0.79 £ 0.05

D:0%+3d AdLib Control 42+0.5 0.80 = 0.04
Pair-Fed Control 37+£0.5 0.86 +0.08

Ethanol 33+04 0.83 + 0.04

E:0%+7d Ad Lib Control 3.6+0.7 0.91 +£0.07
Pair-Fed Control 30+£03 0.94 +0.06

Ethanol 3.6+0.3 0.85 +0.03

F: 0% +21d Ad Lib Control 4.4 +0.7 0.73 +£0.08
Pair-Fed Control 41+0.6 0.81 +0.03

Ethanol 3.0+0.5 0.84 +0.04

“The rats were killed 3 h after lights-on at intervals during the
experimental trial: (A: 5%) after 1 wk gradual introduction and 4
wk of 5% (w/v) ethanol consumption; (B: 2.5%) midway through
subsequent gradual withdrawal of ethanol from the diet (i.e., after
1 d of 2.5% ethanol), and at 1, 3, 7 or 21 d after complete with-
drawal of ethanol from the diet (C: 0% + 1 d, D: 0% + 3 d, E: 0%
+7d,and F: 0% + 21 d, respectively). Each value represents the
mean + SEM of 9-10 rats.

gradual withdrawal of ethanol, or subsequent complete
removal of ethanol from the liquid diet for 21 d (Table 1).

Experiment 2:
More Gradual (3 Wk) Introduction of Ethanol,
With Liquid Diet Available Only During the Dark Period

We reported in a previous article in this series that the
gradual addition of 5% (w/v) ethanol to the liquid diet over
a 3 wk period maintained continuous weight gain by the rats
evaluated in this study, although at a moderately decreased
rate compared with ad libitum—fed controls (data previ-
ously presented in ref. /8). This decrease in rate of weight
gain was associated with an initial 15-25% decrease in liquid
diet consumption, which stabilized at 10-15% decrease
after approx 2 wk consumption of 5% ethanol (7/8). There
were no significant differences in body weights of pair-fed
control rats versus ethanol-treated rats at any time point in
the study (78). Daily provision of 5% ethanol in the liquid
diet produced nocturnal plasma ethanol levels of 135 £+ 10
mg/dL, and daily removal of the liquid diet early in the light

| Intro [Chronic 5% |W| Post

[AM.&PM.| [AM.]

Fig. 2. Experimental model used in Experiment 2. The rats were
killed after 3 wk of gradual introduction of ethanol (represented
by the shaded area) to the diet (Intro) and four subsequent weeks
of 5% w/v ethanol (Chronic 5%), with the liquid diet available
from the start of the dark period until 3 h after lights-on. The
ethanol was then gradually withdrawn from the liquid diet over a
1 wk period (W), followed by maintaining all rats on ad libitum
chow with no ethanol for a 3 wk post-treatment period (Post).
A.M. rats were killed at 3 h after lights-on; P.M. rats were killed
at lights-off.

period produced complete plasma ethanol withdrawal by
the end of the light period (i.e., plasma ethanol concentra-
tions were undetectable) (/8). As in Experiment 1, daily
water consumption was significantlyincreased in the etha-
nol-treated rats (/8). The model used in this experiment is
illustratedin Fig. 2.

After gradual addition of 5% ethanol to the liquid diet
over a 3 wk period followed by 4 subsequent weeks of chronic
daily ethanol and withdrawal, morning plasma testosterone
levels were not significantly altered (p =0.24) (Fig. 3). How-
ever, afternoon plasma testosterone levels were decreased
(p <0.01) by 70% relative to ad libitum—fed controls and
63% relative to pair-fed controls (Fig. 3). A diurnal change
in plasma testosterone levels, with afternoon lower than
morning levels, was present in the ad libitum—fed control
rats (27% change, p < 0.05) and accentuated in the ethanol-
treated rats (68% change, p < 0.01), but not in the pair-fed
rats (Fig. 3).

Three weeks after complete cessation of ethanol consump-
tion, morning plasma testosterone levels were increased
(p<0.01) by approx 100% relative to both ad libitum— and
pair-fed controls (Fig. 4).

Discussion

These results demonstrate that chronic daily episodes
of ethanol consumption and withdrawal by male Sprague-
Dawley rats decreased plasma testosterone levels late in
the afternoon, but not in the morning. During gradual ces-
sation of daily ethanol consumption, morning plasma tes-
tosterone levels increased, and this increase was maintained
for 3 d after complete cessation of ethanol consumption. Three
weeks after cessation of ethanol consumption, plasma tes-
tosterone levels were again increased. Thus, chronic daily
ethanol consumption and daily withdrawal can induce changes
in circulating testosterone regulation that (a) are time of
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Fig. 3. Effect of chronic daily ethanol consumption and withdrawal on morning and afternoon plasma testosterone levels after prolonged
(3 wk) gradual introduction of ethanol to liquid diet available during the dark period (Experiment 2). C, ad libitum—fed controls; E,
ethanol-treated; P, pair-fed controls. The rats were killed after 3 wk of gradual introduction of ethanol to the diet and four subsequent
weeks of 5% ethanol (w/v), with the liquid diet available from the start of the dark period until 3 h after lights-on. The a.m. rats were
killed at 3 h after lights-on; p.m. rats were killed at lights-off. Each bar represents the mean + SE of nine rats. *p <0.01 vs ad libitum—
fed controls (C) and pair-fed controls (E). %p < 0.05 vs a.m. °» < 0.01 vs a.m.
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Fig. 4. Effect of prolonged (3 wk) gradual introduction of ethanol to liquid diet and subsequent chronic daily ethanol consumption and
withdrawal on morning plasma testosterone levels after 21 d forced “abstinence” (Experiment 2). The rats were killed 3 h after lights-
onat21 dafter complete withdrawal of ethanol from the diet following 3 wk of gradual introduction of ethanol to the diet, four subsequent
weeks of 5% ethanol (w/v), and 1 wk of gradual withdrawal of ethanol from the diet. C, ad /ibitum—fed controls; E, ethanol-treated; P,
pair-fed controls. Each bar represents the mean + SE of nine rats. *p < 0.01 vs ad libitum—fed controls (C) and pair-fed controls (E).

day dependent and (b) include adaptive changes persisting
long after consumption of ethanol ceases.

The two experimental models used in these studies pro-
duced similar changes in plasma testosterone levels 3 wk
after withdrawal from chronic ethanol treatment, but differ-
ent testosterone changes in response to pair-feeding. When
ethanol was introduced to the diet in increments over 1 wk
(i.e., Experiment 1), consumption of the ethanol-contain-

ing liquid diet (and thus consumption of control liquid diet
by pair-fed rats) was markedly decreased and body weight
gain was suppressed for 2-3 wk (data previously reported
inref. 18). This reduction in eating and associated suppres-
sion of weight gain likely induced chronic hypothalamo—
pituitary—adrenal (HPA) axis activation in the pair-fed rats,
as revealed by increased adrenal and decreased thymus
weights in a follow-up experiment using the same proto-
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col, also reported in ref. /8. In contrast, more gradual intro-
duction of ethanol over 3 wk (Experiment 2) produced less
suppression of eating, maintained continuous weight gain,
and did not induce HPA activation in the pair-fed rats (18).
This suggests that the differences in testosterone regulation
in pair-fed control rats 3 wk after cessation of the chronic
ethanol treatment may have been due to the prior stresses
associated with hunger, malnutrition, or both in the rapid
ethanol introduction model (Experiment 1). In our previ-
ous analysis of HPA regulation in these same rats (/8), we
determined that anterior pituitary proopiomelanocortin (bio-
synthetic precursor of adrenocorticotropin and related pep-
tides) mRNA content was markedly decreased at 3 wk after
withdrawal in both ethanol-treated and pair-fed control rats
in Experiment 1, but only in ethanol-treated rats in Experi-
ment 2, i.e., consistent with but opposite in direction to the
changes in plasma testosterone levels reported here. This
suggests that the decreases in HPA activity may have had
a role in allowing the increased testosterone levels, consis-
tent with evidence that HPA activity can have an inhibitory
role in regulation of the HPG axis (20-22). Conversely,
because testosterone has been reported to inhibit the HPA
axis inrats (23), it is also possible that the increased testos-
terone levels 3 wk after withdrawal may have been respon-
sible for the decreased HPA activity. In any case, the consis-
tency of HPA and testosterone changes in response to the
different conditions of Experiments 1 and 2 suggest poten-
tial commonality or interaction of mechanisms between these
endocrine functions.

Because the testosterone changes after 3 wk of forced
“abstinence” which were specifically attributable to chronic
daily ethanol consumption (i.e., the ethanol-induced changes
in Experiment 2) resembled the changes in testosterone levels
that were presumably due to previous stresses (i.e., the changes
in pair-fed rats in Experiment 1), even the long-term changes
in testosterone most specific to ethanol consumption may
have represented, entirely or in part, persistent responses to
previous chronic stress associated with daily ethanol and
withdrawal. We recently used the same model as used in
Experiment 2 to demonstrate that rats receiving this chronic
daily ethanol/withdrawal treatment experienced marked
physical withdrawal each day in the afternoon, i.e., before
they were again provided with ethanol diet at the start of the
next dark period (79). Consequently, either the daily increases
in plasma ethanol or the daily withdrawals, or both, may
have been stressful. Repetitive ethanol intoxication, dyspho-
ria associated with repetitive withdrawal, commonly asso-
ciated nutritional deficits, and the psychosocial consequences
of ethanol abuse are likewise stressful for chronic alcohol
abusers. Consequently, if stress did contribute to the subse-
quent changes in testosterone regulation during long-term
forced “abstinence” as demonstrated here, these changes
are likely to be clinically relevant.

Many studies have demonstrated suppression of the HPG
axis in response to acute administration of moderate or high

dosages of ethanol (e.g., refs. 6,15,24-27), whereas some
have conversely demonstrated increased plasma testoster-
one levels by moderate to low dosage ethanol (24,28,29).
In the current experiments there were no chronic ethanol-
induced changes in plasma testosterone levels in the morn-
ing, at the end of nocturnal ethanol consumption. These results
suggest a chronic adaptive response to the testosterone-alter-
ing effects of ethanol, although transient changes may have
occurred during the night, such as when plasma ethanol
levels were rising. The lack of detected response is compat-
ible with reports of normal serum levels of testosterone in
noncirrhotic alcoholics and in cirrhotic alcoholics without
hepatic decompensation (reviewed in ref. /6). This puta-
tive adaptive response to long-term ethanol consumption
would also be consistent with the subsequent increased plasma
testosterone levels for several days following withdrawal
of ethanol in Experiment 1.

Although there were no changes in morning plasma tes-
tosterone levels in response to long-term daily ethanol and
daily withdrawal, the levels in the afternoon were decreased.
Because this is a time at which we have previously demon-
strated plasma ethanol to be undetectable and physical with-
drawal to be expressed (79), it is reasonable to suggest that
the afternoon decrease in plasma testosterone reflected, at
least in part, a response to stress associated with the daily
withdrawal from ethanol, consistent with low plasma tes-
tosterone levels in men during hangover (30). We have pre-
viously reported that although afternoon plasma total or
free corticosterone levels were not altered in these same
ethanol-consuming rats, morning plasma free corticosterone
levels were slightly increased, thymus size was decreased,
and adrenal size was increased, suggesting chronic hyper-
corticosteronemia (78). The afternoon decrease in plasma
testosterone levels could thus reflect a time-of-day-depen-
dent inhibition by the chronically increased HPA activity.
It has also been reported that chronic ethanol consumption
and withdrawal disrupts the rhythms of various brain func-
tions and behaviors and produces irreversible changes in
the functioning of the suprachiasmatic nucleus, which is the
dominant pacemaker of the circadian system (37). Conse-
quently, the diurnal differences in testosterone response to
chronic daily ethanol/withdrawal in the current study could
also be due to changes in circadian regulation. These results
clearly illustrate that determination of plasma testosterone
responses at one time of day does not adequately reveal
changes in function of the HPG axis, which may be experi-
enced repeatedly by chronic alcohol abusers.

The changes in plasma testosterone levels in Experiment
1 were not accompanied by significant changes in plasma
LH, which regulates gonadal testosterone secretion, or in
anterior hypothalamus/preoptic area concentrations of mRNA
for GnRH, the brain peptide that regulates LH secretion.
LH is secreted in a distinctly pulsatile manner, so determi-
nations at a single time point in the relatively small number
of animals may have been insufficient to resolve responses
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to the ethanol treatment, if they occurred. Although the
lack of changes in GnRH gene expression in association
with the sustained and relatively large amplitude changes
in testosterone levels suggest that the chronic ethanol and
withdrawal effects were not mediated at the level of GnRH
secretion, it is also feasible that determination of GnRH
mRNA at the selected single circadian timepoint may have
been inadequate. Resolution of neuroendocrine, direct neu-
ronal, metabolic, and/or intratesticular mechanisms medi-
ating the changes in plasma testosterone will require addi-
tional studies.

Testosterone has important and varied roles in modulat-
ing behavior (32), and has also been reported to decrease
liver alcohol dehydrogenase activity and metabolism of eth-
anol (9,33-35), but it remains to be determined whether
adaptive changes in testosterone regulation are implicated
in clinical or psychological symptoms during chronic alco-
hol use or subsequent abstinence. Since high concentrations
of total testosterone have been reported (77) to be related
to the type I form of alcoholism [distinguished by Cloninger
et al. (36) to be characterized by family history of alcohol-
ism, early onset, and criminality], our results suggest that
chronic alcohol/withdrawal induced persistently increased
testosterone levels, or mechanisms mediating this increase,
could potentially contribute to increased risk of relapse dur-
ing abstinence. However, our results also reveal that resolu-
tion of changes in testosterone regulation and their potential
roles in alcohol abuse and relapse will require evaluating
changes throughout the circadian cycle during, shortly after,
and long after active alcohol abuse.

Materials and Methods

Relationship to Previous Study

The animals and their corresponding plasma samples
and brains investigated in this study are the same as used in
our previous analysis of chronic daily ethanol and with-
drawal effects on regulation of the HPA axis (18).

Animals

Adult male Sprague-Dawley rats obtained from Simon-
sen Laboratories (Gilroy, CA) were individually housed in
12 h light/12 h dark (lights off at 1700 h) for 2 wk before
and throughout the study. A total of 255 rats weighing 260—
280 g at the start of ethanol treatment were used in these
studies (174 in Experiment 1 and 81 in Experiment 2). All
procedures were performed under a University of Wash-
ington IACUC-approved protocol in accord with the NIH
Guide for Care and Use of Laboratory Animals (1985).

Liquid Diet
At the start of the experiment, all rats were switched
from rat chow to Bio-Serv Liquid Rat Diet L/D’82 (Bio-

Serv, Frenchtown, NJ) provided in graduated Liquidiet Feed-
ing Tubes (Bio-Serv, Frenchtown, NJ), with supplemental

water available at all times. Each rat was also provided with
a non-nutritive nylon Nylabone (Bio-Serv, Frenchtown, NJ)
to maintain gnawing and chewing behaviors. Fresh liquid
diet was provided daily during the final 15 min of the light
period.

Treatments, Experiment 1

Ethanol-treated rats were gradually introduced to 5%
ethanol (w/v, prepared with 95% ethanol) in the liquid diet
over a 1 wk period (i.e., 1 d 0% ethanol, 2 d 1.25%, 2 d
2.5%, 2 d 3.75%, then 5%) and then maintained on this
ethanol diet for 4 wk. One group of control rats were indi-
vidually pair-fed with isocaloric control liquid diet in which
the calories from ethanol were replaced by maltose-dextrin;
another group was fed ad libitum with the same control
diet. Pair feeding was accomplished by daily measurement
of the amount of diet consumed by each ethanol-treated rat
and provision of that amount of control diet to the individu-
ally matched pair-fed control animal for the subsequent
day. After 4 wk at 5% ethanol the ethanol-treated rats were
gradually withdrawn from ethanol over 1 wk (i.e., decreas-
ing ethanol concentrations in reversed order from the grad-
ual introduction) and then maintained on control liquid diet
for an additional week before switching to chow. There
were 57-59 rats in each of the three treatment groups (i.e.,
ethanol, pair-fed control, ad libitum—fed control) at the start
of the study. Rats from each treatment group were decapi-
tated at 3 h after lights-on at intervals during the experi-
mental trial (i.e., A: after 4 weeks of 5% ethanol treatment;
B: midway through gradual withdrawal of ethanol from the
diet, and C-F: 1, 3, 7, and 21 d after complete removal of
ethanol from the diet, respectively).

Treatments, Experiment 2

At completion of Experiment 1 it was noted that some
responses (e.g., decreases in thymus and spleen weight) of
pair-fed control rats were similar to those of the ethanol-
treated rats and different from the ad libitum—fed controls,
suggesting potential confounding by malnutrition or other
stresses associated with this model. Further investigation
demonstrated that although the relatively rapid (i.e., 1 wk)
ethanol introduction protocol used in Experiment 1 induced
increased adrenal and decreased thymus weight in pair-fed
rats, more gradual introduction of ethanol did not, and it
allowed consistent weight gain in both ethanol-treated and
pair-fed rats. [These results have been published elsewhere
(18) and are addressed here in the Discussion section.] Con-
sequently, we reinvestigated the responses to chronic etha-
nol treatment in a model modified to minimize stress (e.g.,
hunger) for the pair-fed controls by extending the period
during which ethanol was gradually added to the liquid diet
to 3 wk (4 d 0% ethanol, 1 d 0.8%, 1 d 1.7%, and then 3 d
each at 2.5, 2.9, 3.3, 3.8, 4.2, and 4.6% before finally
achieving 5%). After an additional 4 wk at 5% ethanol the
ethanol-treated rats were gradually withdrawn from ethanol
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over a 1 wk period (1 d each at 4.3, 3.3,2.5, 1.7, 0.8, and
0% ethanol) and then switched to ad libitum chow. The
model used in this study is illustrated in Fig. 2.

To ensure that the ethanol-treated rats were experienc-
ing both daily ethanol exposure and daily withdrawal in this
experiment, consistent with the repeated withdrawal epi-
sodes commonly experienced by alcohol abusers and alco-
holics (37), liquid diet which was provided immediately
before the start of each 12 h dark period was subsequently
removed the next day at 3 h after lights on (in contrast to
Experiment 1, in which the liquid diet was always avail-
able). On the weekends, the liquid diet was provided at the
start of the dark period but not removed until fresh diet was
provided at the same time on the next day. Consequently,
on 5 d/wk the liquid diet = ethanol available during the dark
period was removed early in the subsequent light period,
whereas on the weekends it was available continuously.

There were 27 rats in each of the three treatment groups
(i.e., ethanol, pair-fed control, ad libitum—fed control).
As in Experiment 1, nine rats from each treatment group
were decapitated at 3 h after lights-on at the end of the
4 wk chronic 5% ethanol period and at 3 wk after complete
withdrawal of ethanol from the diet; nine additional rats
from each treatment group were also sacrificed at lights-off
(i.e., at 1700 h) at the end of the 4 wk chronic daily ethanol
treatment.

Sample Collection at the Time of Sacrifice

At decapitation, trunk blood was collected into chilled
polypropylene tubes containing 100 uL of 100 mg ethylene-
diaminetetraacetic acid per mL of water; plasma aliquots
were stored at —70°C in polypropylene tubes. In Experiment
1, the brain was immediately removed and immersed in
ice-cold saline. A Rodent Brain Matrix (Activational Sys-
tems, Warren, MI) was then used to remove a coronal sec-
tion extending 3 mm rostral from the caudal edge of the
optic chiasm. This coronal section was placed on a stain-
less steel plate on ice and a triangular piece of tissue (base
bounded by the lateral olfactory tracts, apex at the midline
of the corpus callosum) including the anterior hypothala-
mus, preoptic area, and part of the diagonal band was dis-
sected, snap frozen in isopentane on dry ice, and stored at
—70°C until solution hybridization/RNase protection assay
for GnRH mRNA concentrations.

Radioimmunoassays (RIA)

Plasma testosterone concentrations in Experiments 1
and 2 were assayed with Active™ Testosterone RIA Assay
kits from Diagnostic Systems Laboratories, Inc. (Webster,
TX). Plasma LH concentrations in Experiment 1 were deter-
mined by radioimmunoassay using the rat double-antibody
kit provided by the National Hormone and Pituitary Pro-
gram, with values expressed in terms of NIDDK rLH-RP-
3 equivalents. All samples from individual experiments
were assayed in a single assay. The detection limits for the

testosterone and LH assays were 0.08 ng/mL and 0.39 ng/
mL, respectively. The intraassay coefficients of variation
for all assays were <8%.

Quantitation of GnRH and Cyclophilin (1B15) mRNAs

Total cytoplasmic RNA was extracted from the anterior
hypothalamus/preoptic area and then assayed for proGnRH
and 1B15 mRNA contents by solution hybridization/RNase
protection assay as we have previously described in detail
(38). The 1B15 mRNA contents were not significantly altered
at any of the treatment x time combinations and served as
internal references for expressing changes in proGnRH mRNA
concentrations, controlling for gel-loading variability.

Statistical Analyses

Data are presented as mean + SEM. Unless otherwise
noted, comparisons were performed by two-way analysis of
variance followed, when appropriate, by one way ANOVA
and Newman—Keuls multiple comparisons, with p < 0.05
considered significant.
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