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ABSTRACT Abstinence from chronic administration of
various drugs of abuse such as ethanol, opiates, and psycho-
stimulants results in withdrawal syndromes largely unique to
each drug class. However, one symptom that appears common
to these withdrawal syndromes in humans is a negative
affective/motivational state. Prior work in rodents has shown
that elevations in intracranial self-stimulation (ICSS) reward
thresholds provide a quantitative index that serves as a model
for the negative affective state during withdrawal from psy-
chostimulants and opiates. The current study sought to de-
termine whether ICSS threshold elevations also accompany
abstinence from chronic ethanol exposure sufficient to induce
physical dependence. Rats prepared with stimulating elec-
trodes in the lateral hypothalamus were trained in a discrete-
trial current-intensity ICSS threshold procedure; subse-
quently they were subjected to chronic ethanol administration
in ethanol vapor chambers (average blood alcohol level of 197
mg/dl). A time-dependent elevation in ICSS thresholds was
observed following removal from the ethanol, but not the
control, chambers. Thresholds were significantly elevated for
48 hr after cessation of ethanol exposure, with peak elevations
observed at 6—8 hr. Blood alcohol levels were directly corre-
lated with the magnitude of peak threshold elevation. Ratings
of traditional overt signs of withdrawal showed a similar time
course of expression and resolution. The results suggest that
decreased function of reward systems (elevations in reward
thresholds) is a common element of withdrawal from chronic
administration of several diverse classes of abused drugs.

Withdrawal from sedative—hypnotic drugs such as ethanol is
characterized by a state of central nervous system (CNS)
hyperexcitability that can result, in varying degrees of severity,
in profound physiological disturbances such as tremors, hy-
perthermia, seizures, rigidity, hyperreflexia, and hallucina-
tions and delirium (1-3). This constellation of withdrawal signs
is largely unique to the sedative—hypnotics, and withdrawal
from this class of drugs can be life-threatening.

Other classes of drugs, such as opiates and psychostimulants,
are associated with different withdrawal syndromes. The opi-
ate withdrawal syndrome, which has been described as an
intense “flu-like state,” includes symptoms such as lacrima-
tion, rhinorrhea, sweating, dilated pupils, gooseflesh, intestinal
spasm, diarrhea, hyperthermia, anorexia/weight loss, and mus-
cle spasms (2, 4). Withdrawal from chronic abuse of psycho-
stimulants such as cocaine and amphetamines is associated
with relatively minor somatic disturbances, including fatigue
and suppressed heart rate, and is primarily characterized by
more affective or emotional signs such as depression, dyspho-
ria, and anxiety (2, 5). These differences in withdrawal symp-
tomatology are not unexpected given the vastly different
pharmacodynamic mechanisms of action of sedative/hypnotic,
opiate, and psychomotor stimulant drugs and the unique
neuroanatomical localization of receptors with which these
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different drugs interact. However, there is some clinical evi-
dence that chronic dependence and withdrawal from all three
of these classes of abused drugs may share common symptom-
atology in the form of affective or emotional disturbances, such
as irritability, restlessness, anxiety, and mood disturbances
such as dysphoria, depression, and anhedonia (1, 2, 4-12). It
has been shown in studies with rodents that ethanol, opiate,
and psychostimulant withdrawal appear to produce a similar
anxiety-like state (13).

Furthermore, despite their distinct pharmacodynamic pro-
files, ethanol, opiates, and psychostimulants all share reinforc-
ing or rewarding properties upon acute administration, which
appear to involve activation of common reward circuits in the
brain, including most notably the nucleus accumbens in the
basal forebrain and its afferent connections from ventral
midbrain (i.e., the ventral tegmental area) and limbic portions
of the CNS (14-16).

The symptoms of drug dependence have long been consid-
ered from the perspective of neuroadaptation theories. One
such theory postulates that all positive reinforcers, including
drugs of abuse, produce positive affective responses in the CNS
that are opposed by negative affective responses as a natural
consequence of an organism’s propensity to maintain affective
homeostasis (17-19). These negative affective consequences,
which are hypothesized to be the consequence of neuroadap-
tations within the brain reward circuitry (17, 18), may upon
termination of drug administration express themselves as a
drug-opposite withdrawal response. Accordingly, one might
predict that such negative affective consequences of drug
withdrawal are common across multiple classes of drugs which
share the common property of activating brain reward systems
despite diverse pharmacodynamic mechanisms of action.

To that end, it has been shown that acute administration of
opiates and psychostimulants, such as cocaine and amphet-
amines, lower intracranial self-stimulation (ICSS) reward
thresholds (20-23), generally considered to be an index of the
rewarding properties of these drugs. By contrast, withdrawal
from chronic administration of these drugs results in an
elevation of ICSS thresholds, which is considered an index of
a negative affective motivational state and is opposite to the
effect produced by acute administration (24-27).

Ethanol also can lower ICSS reward thresholds (28-31).
Using a discrete-trial current-intensity threshold procedure,
Kornetsky and coworkers (28, 29) showed that ICSS reward
thresholds were lowered in animals that were allowed to
self-administer ethanol orally, but not in animals receiving
intraperitoneal injections of various doses of ethanol. Lewis
and coworkers (30, 31), using a continuous reinforcement/
fixed ratio schedule, demonstrated that intraperitoneal injec-
tions could also lower ICSS reward thresholds, but only when
threshold determinations were made on the ascending limb of
the blood alcohol level (BAL) curve (i.e., when the BAL was
rising). While the acute effects of ethanol on ICSS reward

Abbreviations: ICSS, intracranial self-stimulation; BAL, blood alcohol
level; CNS, central nervous system.
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thresholds had been well characterized in these earlier studies,
it has been unknown whether ethanol withdrawal is charac-
terized by an opposing response of elevations in ICSS thresh-
olds. Therefore, the current study was designed to test the
hypothesis that withdrawal from chronic exposure to ethanol
also produces an elevation in reward thresholds.*

MATERIALS AND METHODS

Animals. Male Wistar rats (Charles River Breeding Labo-
ratories) weighing 280-300 g at the start of the experiment
were used as experimental subjects (n = 15). All rats were
group housed (2-3 per cage) in temperature- and humidity-
controlled rooms with a 12 hr light/12 hr dark cycle (lights on
at 06:00). All rats had free access to food and water at all times.
In addition, the rats received a dietary supplement in the form
of Sustacal (Mead Johnson) mixed with an equal part of water
on a daily basis while in the vapor chambers; this palatable
liquid dietary supplement helped maintain body weights dur-
ing ethanol vapor exposure.

ICSS. The surgery, procedure, and apparatus have been
described in detail (25, 32). For surgery, 15 rats were anes-
thetized with halothane and a stainless-steel bipolar electrode
(Plastics One, Roanoke, VA) was implanted in the lateral
hypothalamus unilaterally (coordinates: anterior—posterior,
0.5 mm from bregma; lateral, 1.7 mm; 8.3 mm ventral from
dura, incisor bar 5.0 mm above interaural line). To counter-
balance any possible brain asymmetries, half the rats received
implants on the right side of the brain, the other half on the left
side.

The procedure for measuring reward thresholds was a
modification of the Kornetsky and Esposito (22) discrete-trial
current-threshold procedure. Stimulation was delivered by
constant-current stimulators using 60-Hz sinusoidal waves,
with a train duration set at 250 msec. To start each trial, a rat
received a noncontingent electrical stimulus. A positive re-
sponse was recorded if the rat rotated a wheel manipulandum
at least one-quarter turn within 7.5 sec of the noncontingent
electrical stimulus; each positive response produced a contin-
gent stimulus identical in all parameters to the noncontingent
stimulus. After each positive response, there was an intertrial
interval (ITI) averaging 10 sec (7.5-12.5 sec). If no response
occurred within 7.5 sec of the noncontingent stimulus, the ITI
followed and that trial ended. Any responding during the ITI
resulted in a 10-sec delay before the start of the next trial.

Stimulus intensities varied according to the method of limits
and were presented in alternating ascending and descending
series (two of each) with a step size of 5 uA; a given stimulus
intensity was presented three times within each series. The
threshold for each series was defined as the midpoint between
the current intensity level at which at least two positive
responses occurred and the level at which fewer than two
positive responses occurred; the mean of the four series
thresholds served as the estimated threshold for a given
session. The duration of each ICSS session was ~30 min. Stable
baseline thresholds (defined as =10% of mean on three
consecutive days) were established for all rats prior to place-
ment into the vapor chambers (see below).

Ratings of Overt Withdrawal Signs. The following well-
characterized signs of ethanol withdrawal (33-37) were rated
immediately after each ICSS threshold determination in eth-
anol-withdrawing rats: (i) hyperirritability upon touch, (i)
presence of the ventromedial distal flexion response, (iii) tail
stiffness/rigidity, and (iv) abnormal posture or gait. Each sign
was rated during a 3- to 5-min observation period on a scale
of 0-2, with 0 indicating not detectable, 1 indicating mild to
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moderate incidence, and 2 indicating pronounced or severe
incidence. The scores for all signs were then cumulated to yield
an overall rating of withdrawal severity ranging from 0 to 8.

Vapor Inhalation. The vapor inhalation chamber apparatus
and procedure were similar to those described in detail pre-
viously (38). In brief, ethanol vapor was created by dripping
95% (vol/vol) ethanol into 2-liter Erlenmyer flasks warmed to
50°C on a warming tray. Air was blown over the bottom of the
flasks at a rate of 11 liters/min. Ethanol vapor concentrations
were adjusted by varying the rate at which ethanol was pumped
into the flask, according to the procedure described by Rogers
et al (38).

Ethanol vapor was introduced into sealed Plexiglas cham-
bers through a stainless-steel manifold; each chamber received
a separate supply of ethanol and air. Air and ethanol vapor
could exit each chamber through holes in the chamber bottom;
from there, the vapor was ported through a dedicated exhaust
line to the outside air. Each chamber could hold two standard
rat cages, for a total of four rats per chamber (two rats per
cage).

Dependence Induction. Rats were placed into the vapor
chambers and exposed initially to a moderate concentration of
ethanol vapor (22 mg/liter) to allow acclimatization to breath-
ing ethanol-laden air and a gradual rise in BAL. Tail blood was
sampled every 2-3 days to determine the BALs of the subjects,
and chamber vapor concentrations were adjusted up or down
to maintain average BALs according to the following schedule:
day 3, 50-80 mg/dl; day 5, 100-120 mg/dl; day 7, 150-180
mg/dl; day 10, 180-220 mg/dl. From day 10 onward, average
BALs were maintained at 180-220 mg/dl for at least 7 days
prior to onset of withdrawal.

BAL Determination. Blood samples (0.5 ml) were collected
into heparinized Eppendorf tubes and subjected to microcen-
trifugation to separate plasma. BALs were then determined in
plasma samples by a standard NAD*-alcohol dehydrogenase
(ADH) assay kit (Sigma).

Experimental Design. A crossover within-subjects design
was used, such that each subject received each treatment
(ethanol and control). After establishment of stable baseline
ICSS thresholds (initial baseline; see Fig. 1), rats were divided
into two groups for the first experimental phase. Group 1 was
made dependent on ethanol through vapor inhalation as
described above, and group 2 was placed into identical Plexi-
glas chambers but was not exposed to ethanol vapor. After
17-20 days in the vapor chambers, the rats were removed from
the chambers and ICSS thresholds were determined 2, 4, 6, 8,
12, 24, 48, 72, 96, and 120 hr later. Ethanol-dependent and
withdrawing rats were rated for overt signs of withdrawal
immediately after each ICSS threshold determination for the
first 72 hr post-ethanol. At the conclusion of this testing
sequence, baseline thresholds were again assessed for 3 days
(intermediate baseline; see Fig. 1) to ensure that the thresholds
had returned to initial levels prior to onset of the next
experimental phase. During the following 5 days the rats
remained in the colony room and were not tested.

In the second experimental phase, the vapor-chamber ex-
perience of the rats was reversed as part of the crossover
design, such that group 1 was now placed into vapor chambers
without ethanol exposure and group 2 was made dependent
through ethanol vapor exposure. In this fashion, each rat could
serve as its own control. After 17-20 days in the chambers, the
withdrawal and testing procedure detailed above was repeated.
At the conclusion of this experimental phase, a final baseline
threshold determination was made on three consecutive days
(final baseline; see Fig. 1).

Data Analysis. Comparisons of initial, intermediate, and
final baseline thresholds were made separately for group 1 and
group 2 (see Experimental Design) by using a single-factor
repeated-measure analysis of variance (ANOVA). Statistical
analysis of the effects of ethanol withdrawal on ICSS thresh-
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olds was conducted with data from both groups combined,
using two-factor ANOVA with both vapor-chamber condition
(ethanol or control) and time as repeated measures. Differ-
ences among individual means were analyzed with planned
comparisons of simple main effects of vapor-chamber condi-
tion. For ratings of overt signs of withdrawal, the overall rating
scores (see above) were analyzed with the nonparametric
Friedman ANOVA by ranks. In addition, through simple
linear regression, BAL at withdrawal, defined as the BAL
determined at the time of removal from the ethanol vapor
chamber (i.e., 0 hr post-ethanol), was correlated with the ICSS
threshold measures and the ratings of overt signs determined
at various times during withdrawal (2-72 hr post-ethanol). In
all cases the level of statistical significance was set at P < 0.05.

RESULTS

Two of the rats were excluded from the final analyses, one
because of very low BAL (40 mg/dl) at the time of withdrawal,
the second because of failure to respond on the wheel ma-
nipulandum for the first 24 hr of withdrawal from ethanol. The
data for the remaining 13 rats were included in all statistical
analyses. The average BAL for these animals over the final 10
days of ethanol exposure was 197.29 + 12.85 mg/dl, and the
average BAL at the time of withdrawal was 226.31 * 25.02
mg/dl.

As shown in Fig. 1, baseline thresholds taken prior to the
first experimental phase, between the first and second exper-
imental phase, and after the second experimental phase did
not differ from one another in either experimental group
[group 1, F(2, 10) < 1.0, not significant; group 2, F(2, 12) =
2.14, not significant]. This outcome is particularly important
for group 1, which was exposed to ethanol vapor first, indi-
cating that the data obtained from these rats during the
subsequent control phase of the experiment were unaffected
by prior experience with ethanol. Thus, the data for groups 1
and 2 were combined for all further statistical analyses.

As shown in Fig. 2, ethanol withdrawal produced a time-
dependent increase in ICSS thresholds, with maximum in-
creases for most rats occurring at 6-8 hr post-ethanol. A
two-factor within-subjects ANOVA revealed a significant
main effect of vapor-chamber condition [F(1, 12) = 14.19,P <
0.005], a significant main effect of time [F(9, 108) = 4.99, P <

Group 1 Group 2
] < Ethanol
Ethanol {30 é 30} Withdrawal |
Withdrawal o i
L 4120 = L 4
E 2
1 £
{10 & 10}
[11]
n o o I

Initial Intermediate Final
Baseline Period

Initial Intermediate Final
Baseline Period

Fic. 1. Baseline ICSS thresholds at various stages of the experi-
mental design. Baseline thresholds were defined as the average
threshold on three consecutive days and were determined at the
following times: initial baseline, prior to any ethanol vapor-chamber
experience; intermediate baseline, between the first and second
vapor-chamber experience (see Materials and Methods); and final
baseline, at the conclusion of all experimental manipulations. There
were no statistically significant changes in baseline threshold in either
group 1 or group 2, which varied according to whether they were
exposed to ethanol vapor first or second.
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Fig. 2. Time-dependent elevation of ICSS current thresholds
during ethanol withdrawal. Data are expressed as mean (= SEM)
percent of baseline threshold (see Fig. 1 for mean baseline threshold
values). Thresholds were significantly elevated above control levels at
2-48 hr post-ethanol (*, P < 0.05). O, Control condition; ®, ethanol
withdrawal condition.

0.0001], and a significant condition X time interaction [F(9,
108) = 2.34, P < 0.02]. Subsequent planned comparisons
involving simple main effects of vapor-chamber condition
revealed that thresholds were significantly elevated in com-
parison to control values at all time points from 2 to 48 hr
post-ethanol. Thresholds returned to baseline levels at 72 hr
post-ethanol.

The overt signs of withdrawal showed a similar time course
(Table 1). Each individual sign of withdrawal was most prom-
inent from 6 to 12 hr post-ethanol, and the overall withdrawal
severity rating peaked from 6 to 8 hr post-ethanol. A Friedman
ANOVA by ranks revealed a significant time-dependent effect
of ethanol withdrawal on the overall rating of withdrawal
severity (xr*> = 29.51, P < 0.0001).

Correlations of BALs at withdrawal (0 hr post-ethanol) with
the ICSS threshold measure and the overall rating of with-
drawal severity revealed dose-dependent effects, in the sense
that greater BA Ls were associated with higher ICSS thresholds
and higher overall withdrawal rating scores during withdrawal
(Table 2). The correlations of BALs at withdrawal and ratings
of overt signs were significant at all time points. As would be
expected, the correlation was negative at 2 hr post-ethanol,
because the animals with the highest initial BALs still had
significant blood levels of ethanol. The correlations of BALs
at withdrawal and ICSS thresholds were significant at the peak
times of withdrawal (4-12 hr).

DISCUSSION

The results demonstrate that withdrawal from chronic ethanol
exposure is accompanied by elevations of ICSS reward thresh-
olds. This effect was time dependent, peaking at 6-8 hr after
abrupt withdrawal from ethanol and disappearing by 72 hr
post-ethanol (Fig. 2). Furthermore, during the period of
maximal threshold elevations (4-12 hr post-ethanol), this
effect was positively correlated with BAL at the time of
withdrawal. The time course of withdrawal also corresponded
well to that obtained from more traditional measures of
ethanol withdrawal (Table 1). Importantly, the effect of eth-
anol withdrawal on ICSS reward thresholds was opposite in
direction to the effects of acute ethanol administration (28—
31), providing support for an opponent-process neuroadapta-
tion during the induction of dependence on ethanol.

It has been argued (16, 39) that the only common principle
that emerges in the search for a general theory of addiction
from the study of diverse classes of abused drugs, such as
sedative—hypnotics, opiates, and psychostimulants, is that all
appear to stimulate brain reward circuitry which connects the
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Table 1. Summary of ratings of overt signs of withdrawal
Time post-ethanol, hr
2 4 6 8 12 24 48 72
Overall withdrawal rating
Mean 2.08 3.23 4.15 4.00 3.69 3.38 231 2.00
Range 0-4 1-6 1-8 1-8 1-7 1-7 1-6 0-5
Percent of subjects with
individual signs
Hyperirritability
Intensity 1 385 53.8 46.2 46.2 385 46.5 538 53.8
Intensity 2 385 385 53.8 53.8 61.5 46.5 30.8 231
VMD response*
Intensity 1 30.8 30.8 385 15.4 15.4 231 231 231
Intensity 2 0 15.4 30.8 30.8 30.8 231 7.7 15.4
Tail stiffness
Intensity 1 61.5 38.5 38.5 46.2 46.2 30.8 231 7.7
Intensity 2 0 30.8 46.2 30.8 23.1 385 15.4 7.7
Abnormal gait/posture
Intensity 1 7.7 15.4 15.4 30.8 385 231 15.4 7.7
Intensity 2 0 7.7 7.7 15.4 0 0 0 0

Each of four individual overt signs of withdrawal were rated on a scale of 0 to 2, with 0 indicating not detectable, 1 indicating
moderate severity, and 2 indicating pronounced severity. The ratings for each individual sign were then cumulated to yield an
overall score for withdrawal severity (range of possible values, 0-8). The ratings were made on rats undergoing ethanol
withdrawal (n = 13), immediately after completion of an ICSS threshold determination session.

*Ventromedial distal limb flexion response.

ventral midbrain to the basal forebrain. According to this view,
theories which attempt to incorporate dependence mecha-
nisms into a unitary theory of addiction fall short because the
classical withdrawal syndromes for sedative-hypnotics, opi-
ates, and psychostimulants are so radically different (40).
However, Edwards (8), in reviewing the literature on alcohol
withdrawal, has suggested that when the ability of alcohol
withdrawal to reinforce drinking behavior is considered, it is
“unsatisfactory to approach the question only in terms of a
global withdrawal severity. It may be necessary to consider the
reinforcing potential of separate elements within the total
syndrome.” A similar argument can be made for other classes
of abused drugs as well (5, 9, 11, 12, 18, 27, 41). Since the level
of dependence induced in the current study resulted in alter-
ations in both brain reward systems and physical signs of
withdrawal, it is not possible to directly dissociate these two
factors when only these data on ethanol withdrawal are
considered. However, previous studies have shown that ICSS
threshold elevations can be seen during withdrawal from
cocaine or morphine under conditions where few (if any)
physical signs of withdrawal are observed (23, 25, 27).
Taken together, the results with opiates, psychostimulants,
and ethanol support the notion that alterations in brain reward

Table 2. Correlations of withdrawal signs with BAL at withdrawal

r value

Time post- ICSS threshold Ratings of overt
ethanol, hr elevation withdrawal signs

2 0.14 —0.55*

4 0.60* 0.58*

6 0.62* 0.58*

8 0.50 0.72*

12 0.55* 0.70*

24 0.09 0.77*

48 0.46 0.64*

72 0.17 0.61*

The r values are Pearson product-moment correlation coefficients.
A single blood alcohol measure for each rat, taken at the time of
removal from the ethanol vapor chambers (0 hr post-ethanol), was
correlated with ICSS thresholds and overt withdrawal ratings deter-
mined at the indicated times during withdrawal (2-72 hr post-ethanol).
*P < 0.05.

systems, expressed as affective motivational signs of with-
drawal, may be common to dependence on multiple classes of
abused drugs but that physical signs of withdrawal are not
necessarily a concomitant of such affective neuroadaptations
(1, 2, 5-13, 18, 23-27).

With regard to a neural basis for the affective symptoms of
withdrawal from drugs of abuse, Koob and Bloom (17) have
argued that, as dependence develops, neuroadaptations occur
within the same brain circuits that mediate the reinforcing or
rewarding effects of these drugs following acute administra-
tion, leading to the expression of negative affective signs of
withdrawal upon drug abstinence. There is some neurophar-
macological evidence to suggest that withdrawal from ethanol,
opiates, and psychostimulants may lead to similar alterations in
reward circuitry. For example, cocaine withdrawal is accom-
panied by decreases in dopamine release in the nucleus
accumbens, and the time course of this alteration in dopamine
transmission correlates with the time course of ICSS threshold
elevations produced by cocaine withdrawal (25, 42). With-
drawal from opiates and ethanol also results in decreases in
dopamine transmission in the nucleus accumbens (43-47).
Whether such changes in dopamine transmission common to
withdrawal from psychostimulants, ethanol, and opiates are
sufficient to account for the negative affective consequences of
withdrawal is not known; it is possible that other neurochem-
ical systems within the brain reward circuitry may also con-
tribute to these effects. The identification of a reliable reward
deficit (i.e., ICSS threshold elevations) during withdrawal from
multiple drugs of abuse should prove valuable in the elucida-
tion of the neural substrates that may be common to depen-
dence on and withdrawal from multiple classes of abused
drugs.

In conclusion, the effect of ethanol withdrawal on ICSS
thresholds in rats reported herein mimics the effects of psy-
chostimulant withdrawal (24, 25) and opiate withdrawal (26,
27). Furthermore, the elevations in reward thresholds that
accompany withdrawal from these drugs are in all cases
opposite in nature to the acute drug effects, providing support
for neuroadaptive changes within brain reward systems during
establishment of dependence. In the search for general prin-
ciples of drug addiction, these data provide evidence that
negative affective signs of withdrawal may be a common
feature of addiction in addition to the established common
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feature of the rewarding properties of abused drugs. Thus, the
neural circuits that contribute to the acute rewarding effects of
drugs may also be important for the motivational conse-
quences of drug withdrawal (17). Identification of the mech-
anisms which contribute to such neuroadaptations within the
reward circuitry may provide a key for understanding not only
drug addiction but also how dysfunction of the reward system
may contribute to other psychopathologies of mood and affect.
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