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Long-term voluntary alcohol drinking with repeated alcohol deprivation episodes has been suggested as animal model for
some aspects of alcoholism. Using a radiotelemetric system, the present study investigated the occurrence of withdrawal
symptoms in long-term voluntarily alcohol drinking Wistar rats with (repeated alcohol deprivation group) and without (first
alcohol deprivation group) prior alcohol deprivation experience. Six days after transmitter implantation, alcohol bottles were
removed, and returned 4 days later. Alcohol deprivation induced hyperlocomotion in both groups. In the repeated alcohol
deprivation group, hyperlocomotion was increased at the beginning of the alcohol deprivation phase and decreased during
the following dark phase, suggesting that removal of the alcohol bottles might have become a conditioned withdrawal stimu-
lus for this group. Both groups showed an enhanced alcohol intake after representation of alcohol bottles compared to preab-
stinence intakes (alcohol deprivation effect). However, alcohol intake of the repeated alcohol deprivation group was signifi-
cantly increased compared to the first alcohol deprivation group at the end of the experiment. It is concluded that repeated
alcohol deprivation experience might promote the development of alcohol addiction because of its latent stimulating effect

on alcohol drinking that can be unveiled by (presumably mildly stressful) experimental situations.
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WE recently established an animal model in unselected male
Wistar rats with which certain aspects of the development of
alcohol dependence can be modeled. After several months of
voluntary alcohol consumption and repeated alcohol depriva-
tion (withdrawal) experience the drug taking behavior follow-
ing an alcohol deprivation phase is characterized by increased
alcohol intake and preference and by changes in intake pat-
terns resulting in an immediate increase in consumption of
highly concentrated alcohol solutions, both under operant
and nonoperant conditions (12,13,35). The phenomenon of a
transient increase in alcohol intake and preference after a
period of imposed abstinence has been termed the alcohol
deprivation effect (ADE), and has been observed in several
species including humans (5,32,33). Because the ADE in
long-term alcohol drinking rats is characterized by an in-
creased motivation to obtain alcohol, outlasts very long absti-
nence phases, and is hardly modified by external stimuli such
as taste adulteration or social factors, it can be regarded as an
animal model of relapse behavior and craving (14,35,37,43).

The ADE has also been pharmacologically validated as a re-
lapse model by drugs like acamprosate and naltrexone, which
reduce relapse in weaned alcoholics, and also reduce the ADE
(11,12,15,20,35).

It is a prevailing notion in the literature that voluntarily al-
cohol drinking rats do not become physically dependent, be-
cause their alcohol intake is too low to sustain elevated blood
alcohol levels (6,7,25). However, 85% of alcohol-preferring
P-rats exhibited mild physical withdrawal symptoms after 15—
20 weeks of voluntary alcohol intake of 5.6-7.2 g/kg/day (42).
The most frequent withdrawal symptom in these animals was
hyperreactivity to external stimuli. We also found in our long-
term alcohol-drinking rats that have an average alcohol pref-
erence of 50% and consume on average 3—4 g/kg alcohol per
day withdrawal symptoms like hyperreactivity to stressors
and increased anxiety-related behavior in the elevated plus-
maze (13,37). Interestingly, anxiety-related behavior in the el-
evated plus-maze during withdrawal was higher in rats with
repeated alcohol deprivation experience than in rats without
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prior alcohol deprivation experience (13). It is assumed that
blood alcohol levels attained, the length of chronic alcohol in-
take, and withdrawal experience play a role for the intensity
of withdrawal symptoms (1,2,18).

The aim of the present study was to investigate further the
occurrence of withdrawal symptoms in long-term voluntarily
alcohol-drinking rats. A radiotelemetric system was used to
this end with which locomotor activity and core body temper-
ature could be continuously monitored in undisturbed rats.
This system has been used successfully in rats and mice
(22,23), and proved to be a very sensitive method to detect
even mild alcohol-induced withdrawal symptoms in rats after
only 1 week of forced alcohol drinking (36). Furthermore, we
investigated the influence of repeated deprivation experience
on the intensity of withdrawal symptoms. Therefore, rats with
repeated alcohol deprivation experience (repeated alcohol
deprivation group), age-matched alcohol drinking rats with-
out prior alcohol deprivation experience (first alcohol depri-
vation group), and an age-matched water-drinking control
group were compared in this study.

METHOD
Subjects

Twenty-two male Wistar rats (Max Planck Institute of Bio-
chemistry, Martinsried, Germany) weighing 220-250 g upon
arrival in our laboratory, were used in this study. All animals
were housed individually in standard hanging rodent cages
with food and tap water ad lib. Artificial light was provided
daily from 0700 until 1900 h, and room temperature and hu-
midity were kept constant (temperature: 23 * 1°C; humidity:
60 * 5%). The experiments were approved by the Committee
on Animal Care and Use of the relevant local government
body and carried out following the German Law on the Pro-
tection of Animals.

Long-Term Alcohol Self-Administration

After 1 week of habituation to the animal room, rats of the
group “repeated alcohol deprivation” (n = 8) and of the
group “first alcohol deprivation” (n = 7) were given access to
tap water, 5, 10, and 20% (v/v) alcohol solutions in their home
cages. Alcohol solutions were made up from 96% pure etha-
nol diluted with tap water to the different concentrations. The
control group (n = 6) stayed alcohol naive. Spillage and evap-
oration were minimized by the use of bottle caps with ball
bearings (Ehret, Emmendingen, Germany). With this proce-
dure, the alcohol concentration in any of the solutions stayed
constant for at least 1 week (13). All drinking solutions were
renewed weekly and at that time the positions of the four bot-
tles were changed to avoid location preferences. In the group
“repeated alcohol deprivation” alcohol solutions were repeat-
edly withdrawn for 3 days (deprivation phase) every 4 weeks
after the first 8 weeks of continuous access. The group “first
alcohol deprivation” had continuous access to all three alco-
hol solutions in their home cages until their first alcohol depri-
vation experience during this experiment.

Measurement of Physical Signs of Alcohol Withdrawal

After 18 months of alcohol experience in the long-term
paradigm described above, animals were transferred to the ra-
diotelemetry room in their home cages. Alcohol drinking rats
continued to have the choice between the three alcohol solu-
tions and tap water. During the whole experiment the experi-
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menter entered this room once daily between 1100 and 1200 h
to weigh the bottles, the food, and the animals. Otherwise, the
animals were left undisturbed in this sound-attenuated exper-
imental room.

Core body temperature (°C) and locomotor activity (ex-
pressed in arbitrary units) were monitored with a radiotelem-
etric method using the Dataquest IV system (Data Sciences
International, St. Paul, MN). After 1 week of habituation to
the experimental room, on day 7, a battery-powered transmit-
ter (TA-F40) was implanted into the intraperitoneal cavity of
each animal under halothane anaesthesia. Collection of core
body temperature and locomotor activity data started imme-
diately after surgery. The frequency of the signal emitted by
the transmitter was proportional to the animal’s body temper-
ature. This signal reached a receiver underneath the cage, and
was transferred to and processed by an IBM PC. Body tem-
perature was continually recorded at 3-min intervals. Loco-
motor activity of the animals was measured by continuously
monitoring changes in the received signal strength from the
transmitter that occurred upon movement of the animal.
Changes in signal strength generate a digital pulse that was
counted by the Dataquest IV system. The number of pulses
was proportional to the distance the animal moved. Locomo-
tor activity was continually recorded at 3-min intervals.

On day 13, the alcohol bottles were removed from the
cages following the daily weighing routine, leaving all animals
with food and tap water ad lib (alcohol deprivation). Four
days later, on day 17, alcohol bottles were returned (alcohol
representation), and data were collected for another 2 days.
Data of the last 3 days before alcohol deprivation (days 10—
12) served as measurements of baseline alcohol drinking con-
ditions, and data of the last 2 days (days 17 and 18) represent
measurements of the alcohol deprivation effect.

Data Analysis

Daily alcohol intake, food intake, weight changes, total
fluid intake, total alcohol preference, and preferences for the
three alcohol solutions were calculated from the daily mea-
surements. Total alcohol preference was calculated as the
percentage share of the sum of consumption from the three
alcohol solutions in total fluid consumption, and the prefer-
ence for a particular alcohol concentration was calculated as
the percentage share of consumption from this alcohol solu-
tion in total fluid consumption. Body temperature and loco-
motor activity data were averaged over 3-h intervals, and
these data were analyzed by three-way analysis of variance
(ANOVA) with repeated measures (group X alcohol depri-
vation X days). The occurrence of an alcohol deprivation ef-
fect was tested by three-way ANOVA with repeated mea-
sures (group X alcohol deprivation X days) of alcohol intake
and total alcohol preference data of days 11 and 12 and days
17 and 18 (2 days before and 2 days after alcohol depriva-
tion). Concentration preference data was also analyzed by
three-way ANOVA with repeated measures (concentration X
alcohol deprivation X days). Because long-term alcohol
drinking rats weighed less at the beginning of this study
(group repeated alcohol deprivation: 530 g = 3.9, group first
alcohol deprivation: 534 g = 4.0) than control rats (554 g +
8.8), body weight was calculated as percentage of the body
weight on day 12 (baseline of body weight before alcohol dep-
rivation). Body weight was analyzed by two-way ANOVA
with repeated measures (group X days), and food intake was
analyzed by three-way ANOVA with repeated measures
(group X alcohol deprivation X days). The chosen level of
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significance was p < .05. Fisher’s LSD (Protected-f) test was
applied for post hoc comparisons when appropriate.

RESULTS
Locomotor Activity

Under baseline alcohol drinking conditions all animals had
a normal circadian rhythm of locomotor activity. The daily
weighing procedure between 1100 h and noon caused an in-
crease in locomotor activity during this 3-h interval in all ani-
mals (Fig. 1). Alcohol deprivation caused a significant in-
crease in locomotor activity during the 3-h interval of the
daily weighing procedure (Fig. 1) compared to the activity
during this 3-h interval at the 3 preceding days [factor alcohol
deprivation: F(1, 18) = 11.3, p < 0.01; interaction group X al-
cohol deprivation X days: F(4, 125) = 5.83, p = 0.001]. Post
hoc analyses revealed that this effect was only significant dur-
ing the 3-h interval of removal of the alcohol bottles on day 13
(marked “AD” in Fig. 1), and that this effect was significantly
stronger in the repeated alcohol deprivation group than in the
first alcohol deprivation group. Interestingly, during this 3-h
interval the locomotor activity of control rats, for which noth-
ing changed, was also slightly increased.

In addition, alcohol deprivation induced an increase of lo-
comotor activity during the dark phase compared to the level
of activity during the dark phase of the 3 days under baseline
drinking conditions (Fig. 1). This effect was strongest in the
first alcohol deprivation group during the first dark phase af-
ter removal of the alcohol bottles (day 13) and declined over
the following 2 nights (days 14 and 15). Increased locomotor

—A— repeated AD
—@— first AD
—{— control

activity during the dark phase during alcohol deprivation was
significantly weaker in the repeated alcohol deprivation group
compared to the first alcohol deprivation group. Interestingly,
starting the second night after withdrawal of the alcohol bot-
tles, control rats also showed a tendency towards an increase
in locomotor activity (Fig. 1, days 14 and 15). Thus, it cannot
be excluded that under these experimental conditions (com-
mon housing for several days in an experimental room in
which external noise was minimized) behavioral changes of
experimental animals affected control rats.

Representation of the alcohol bottles on day 17 caused a
slight increase in locomotor activity in all animals during this
3-hinterval, F(1, 18) = 10.1, p < 0.01. Only in the first alcohol
deprivation group this effect was statistically significant com-
pared to locomotor activity during this 3-h interval at the two
preceding days (Fig. 2).

Body Temperature

Under baseline alcohol drinking conditions all animals had
a normal circadian rhythm of body temperature. The daily
weighing procedure between 1100 h and noon caused an in-
crease in body temperature during this 3-h interval in all ani-
mals (Fig. 3). Alcohol deprivation caused a significant de-
crease in body temperature [factor alcohol deprivation: F(1,
18) = 177.4, p < 0.0001]. However, there was no significant
interaction, indicating that all groups, including the control
group, were similarly affected by alcohol deprivation.

Resumption of alcohol drinking after representation of the
alcohol bottles on day 17 did not influence body temperature
(Fig. 4).

2.5
Z 2.0
= .
&
£ 154
=
=,
=
8 1.0
+~
o
g
)

S
S 054
0.0 day'14 day 15

day 10 day 11

day 12

day 13

days, from 7:00 until 7:00 [3-h intervals]

FIG. 1. Effects of alcohol deprivation on locomotor activity. Data are presented as means + SEM of
3-h intervals; n = 6-8. AD = alcohol deprivation. Shaded areas mark the dark phase (from 1900 h until
0700 h). *p < 0.05, significant difference vs. days 10 to 12 (before alcohol deprivation); #p < 0.05, signif-

icant difference vs. repeated alcohol deprivation.
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FIG. 2. Effects of representation of alcohol solutions on locomotor activity. Data are presented as
means + SEM of 3-h intervals; n = 6-8. AD = alcohol deprivation, RE = Representation of alcohol
solutions. Shaded areas mark the dark phase (from 1900 h until 0700 h). *p < 0.05, significant difference
vs. days 15 and 16 (before alcohol representation).

Body Weight Alcohol Drinking Behavior

Regarding body weight changes, there was a main effect Alcohol intake and alcohol preference were slightly re-
on days [factor days: F(5, 125) = 10.24, p < 0.0001], but no duced in both groups following transfer to the experimental
significant group X days interaction (Fig. 5). room compared to previous values in the animal housing
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FIG. 3. Effects of alcohol deprivation on body temperature. Data are presented as means + SEM of 3-h

intervals; n = 6-8. AD = alcohol deprivation. Shaded areas mark the dark phase (from 1900 h until 0700
h). *p < 0.05, significant difference vs. days 10 to 12 (before alcohol deprivation).
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FIG. 4. Effects of representation of alcohol solutions on body temperature. Data are presented as

means + SEM of 3-h intervals; n = 6-8. AD = alcohol deprivation, RE = Representation of alcohol
solutions. Shaded areas mark the dark phase (from 1900 h until 0700 h).

room (3-4 g/kg/day for alcohol intake and about 50% for al- gery there was a tendency towards an increase in alcohol in-
cohol preference). Both parameters had returned to normal take, and particularly in alcohol preference, in both groups.

prior to surgery (Fig. 6). Surgery only shortly reduced alcohol Both alcohol drinking groups showed an alcohol depriva-
intake without reducing alcohol preference, but following sur- tion effect concerning alcohol intake, because alcohol intake
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FIG. 5. Effects of alcohol deprivation and representation of alcohol solutions on body weight. Data are
presented as means + SEM of 24 h measurements; n = 6-8. AD = alcohol deprivation, RE = Represen-
tation of alcohol solutions.
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FIG. 6. Effects of repeated alcohol deprivation experience on alco-
hol intake (top) and alcohol preference (bottom). Data are presented
as means + SEM of 24 h measurements; n = 7-8. AD = alcohol dep-
rivation, S = Surgery, ADP = alcohol deprivation phase. *p < 0.05,
significant difference vs. days 11 and 12; #p < 0.05, significant differ-
ence vs. first alcohol deprivation.

was increased after alcohol deprivation compared to intakes
of the last 2 days before alcohol deprivation (Fig. 6, top) [fac-
tor alcohol deprivation: F(1, 13) = 30.3, p < 0.001], but not
concerning total alcohol preference (Fig. 6, bottom). Thus, al-
cohol deprivation had the same effect on both groups. It
should be noted that alcohol preference had risen to =60% in
both groups prior to alcohol deprivation. Interestingly, alco-
hol intake was significantly higher in the repeated alcohol
deprivation group than in the first alcohol deprivation group
during the last 2 days before alcohol deprivation as well as
during the alcohol deprivation effect [factor group: F(1, 14) =
8.9, p < 0.05]. Both groups did not differ regarding alcohol
preference (Fig. 6, bottom).

There was no difference between groups concerning pref-
erences for the different alcohol concentrations offered, and
no effect of alcohol deprivation on these preferences (data
not shown).

Food Intake

Alcohol drinking rats consumed less food than control rats
[factor group: F(2, 18) = 10.2, p < 0.01]. Food intake was re-
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duced following surgery and had not returned to the levels
before surgery before alcohol deprivation (Fig. 7). Despite
the rising trend of food intake visible in control rats, alcohol
deprivation significantly increased food intake in alcohol-
deprived rats, and this effect was stronger in the repeated al-
cohol deprivation group than in the first alcohol deprivation
group [factor group: F(2, 18) = 8.18, p < 0.01; factor alcohol
deprivation: F(1, 18) = 144.1, p < 0.0001; interaction group X
alcohol deprivation: F(2, 18) = 8.95, p < 0.01]. Resumption of
alcohol intake after representation of alcohol bottles reduced
food intake. This effect was stronger in the repeated alcohol
deprivation group than in the first alcohol deprivation group
[factor group: F(2, 18) = 9.5, p < 0.01; factor representation:
F(1, 18) = 11.07, p < 0.01; interaction group X representa-
tion: F(2, 18) = 10.75, p < 0.001].

DISCUSSION

The results of this study show that: (a) baseline alcohol
drinking does not influence the circadian rhythms of locomo-
tor activity and core body temperature in long-term alcohol
drinking rats, because these rats do not differ in these mea-
sures from control rats; (b) alcohol deprivation leads to mild
physical withdrawal symptoms like hyperlocomotion within 9
to 48 h after withdrawal of alcohol; (c) repeated alcohol dep-
rivation experience leads to an intensified reaction to the re-
moval of alcohol bottles, but to a reduction of subsequent hy-
perlocomotion; (d) repeated alcohol deprivation experience
does not necessarily increase baseline alcohol drinking in gen-
eral, but can lead to enhanced alcohol intake in combination
with experimental manipulations.

Neither baseline alcohol intake nor increased alcohol in-
take after alcohol deprivation affected locomotor activity or
core body temperature. This is presumably due to the fact
that in this voluntary drinking model the alcohol intake of up
to 6 g/kg/day (after alcohol deprivation) is distributed over 24
h so that blood alcohol levels attained after individual drink-
ing bouts are not sufficient to stimulate locomotor activity or
induce hyperthermia, as was shown for acute oral and intra-
peritoneal bolus injections of 2-6 g/kg alcohol (10,16,34). How-
ever, it is also possible that this lack of effect might be due to
the development of tolerance, as has been shown for the loco-
motor stimulating effect of voluntarily consumed alcohol in
chronic voluntarily drinking rats (8) and for the hypothermia-
inducing effect of acute alcohol administration (16,19,28).
This conclusion is corroborated by the recent finding that
long-term alcohol drinking rats are tolerant towards the loco-
motor stimulating effect of a low alcohol dose (0.5 g/kg IP),
which is about the maximal dose consumed within an individ-
ual drinking bout (38).

Alcohol deprivation induced hyperlocomotion in animals
both with and without prior alcohol deprivation experience.
Hyperactivity, followed by hypoactivity during a strong with-
drawal syndrome, is a frequently observed withdrawal symp-
tom after chronic consumption of both high and low alcohol
doses (4,21,25,36,42). In contradiction to our hypothesis, re-
peated alcohol deprivation experience did not increase with-
drawal symptoms in general, as it intensified anxiety-related
behavior (13). However, hyperlocomotion was increased at
the beginning of the alcohol deprivation phase, and decreased
during the following dark phase. This could represent condi-
tioning of alcohol withdrawal. It is possible that animals with
repeated alcohol deprivation experience learned to associate
the removal of the alcohol bottles with the subsequent alco-
hol deprivation phase, which usually lasts 3 days, so that for
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FIG. 7. Effects of alcohol deprivation and representation of alcohol solutions on food intake. Data are
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cant difference vs. first alcohol deprivation; §p < 0.05, significant difference vs. days 15 and 16.

this group the removal of alcohol bottles became a condi-
tioned stimulus signalling alcohol withdrawal. In contrast, an-
imals without prior deprivation experience that could not
learn that withdrawal followed the removal of the alcohol
bottles reacted to that stimulus in the same way as control
rats, but were hyperactive during the following dark phase,
which is their first active phase after the removal of alcohol
bottles. Thus, it is possible that this group only started “miss-
ing” the alcohol bottles when they became active in the fol-
lowing dark phase. This behavioral pattern also suggests that
the hyperlocomotion observed during alcohol deprivation
represents drug-seeking behavior.

There was no significant difference in body temperature
between the control group and the alcohol drinking groups
after alcohol deprivation, suggesting that the observed de-
crease in body temperature was not caused by alcohol depri-
vation but by an unknown environmental factor. Because
room temperature did not change throughout the experiment,
this factor can be excluded. It is unclear whether the putative
influence of behavioral changes of experimental animals on
the behavior of control rats observed in locomotor activity
might play a role in this respect.

It is noteworthy that repeated alcohol deprivation experi-
ence led to increased alcohol intake at the end of the base-
line measurement period just before alcohol deprivation and
during the alcohol deprivation effect. In this model, re-
peated alcohol deprivation experience does not lead to sus-
tained increases in alcohol consumption under undisturbed,
home cage housing conditions, but might lead to increases in
alcohol intake and preference under experimental condi-
tions that are presumably stressful for the animals (13). In
the present study, alcohol intakes were not significantly dif-
ferent between both alcohol drinking groups at the be-
ginning of the experiment or immediately after surgery.
However, alcohol preference slowly increased during the

experiment in both groups, and alcohol intake significantly
increased in the repeated alcohol deprivation group. Experi-
mental conditions that involve changes, for example in hous-
ing conditions or handling, might stimulate increases in alco-
hol drinking in long-term alcohol experienced rats. It was
shown that relatively mild, “psychological” stressors can in-
duce increases in voluntary alcohol consumption (26,27,41).
A change in alcohol drinking may not necessarily have to be
an immediate reaction to a stimulus, but might also develop
slowly with time. In the present study, the fact that the
change in alcohol drinking behavior is more pronounced in
the repeated alcohol deprivation group might be explained
by the increased experience of this group of animals with
higher alcohol doses due to the repeated alcohol deprivation
effects these rats experienced after each alcohol deprivation
phase. Several studies indicate that repeated withdrawal ex-
perience stimulates learning to use alcohol’s pharmacologi-
cal effects (17,31,39). The repeated possibility to associate
alcohol consumption in a certain situation with its pharma-
cological effects may be important in this respect, because
mere induction of physical dependence without the possibil-
ity to experiment with the pharmacological effects of alco-
hol by self-administering it does not necessarily induce an
increase in voluntary alcohol intake [(3,24,30,40; but see also
(9,29)]. The usage of a method of chronic alcohol intake that
does not induce very strong physical withdrawal symptoms
might also be important, because strong physical withdrawal
symptoms may interfere with alcohol drinking behavior. In
summary, it may be speculated that repeated alcohol depri-
vation experience could stimulate learning processes that
can result in increased voluntary alcohol intake in experi-
mental situations.

In conclusion, long-term voluntary alcohol consumption of
only 3-4 g/kg/day in rats can induce mild withdrawal symp-
toms like hyperreactivity to a mild stressor (novel environ-
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ment) (37), anxiety-related behavior (13), and hyperlocomo-
tion (present study). These are well-known, relatively mild
withdrawal symptoms in rats. Hyperlocomotion during alco-
hol deprivation presumably represents drug seeking behavior,
and repeated alcohol deprivation experience might condition
the animals to the removal of the alcohol bottles as with-
drawal stimulus. Thus, repeated alcohol deprivation experi-
ence may promote the development of alcohol addiction, be-
cause it seems to have a latent stimulating effect on alcohol
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drinking that can be unveiled by (presumably mildly stressful)
experimental situations.
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