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MHATRE, M. C. AND L. P. GONZALEZ. Increased Rol5-4513-induced seizures following multiple ethanol withdraw-
als. PHARMACOL BIOCHEM. BEHAYV. 63(1) 93-99, 1999.—Clinical research into the etiology of ethanol withdrawal sei-
zures has shown an increase in the number and severity of seizures with increasing numbers of withdrawal episodes. The aim
of the present study was to determine the effects of multiple ethanol withdrawals on the seizure sensitivity to the GABA, re-
ceptor inverse agonist Ro15-4513. In this study, three groups of laboratory rats received varying amounts of either continuous
or intermittent ethanol exposure. A fourth group (Naive) received no ethanol exposure. Eight hours following the last with-
drawal from chronic ethanol exposure, animals were tested for sensitivity to Ro15-4513-induced motor convulsions. Seizure
sensitivity was significantly increased in all ethanol-treated groups compared to ethanol-naive controls, which did not exhibit
any convulsive responses to this dose of Ro15-4513. Furthermore, rats exposed to multiple ethanol withdrawals exhibited sig-
nificantly higher sensitivity to drug-induced seizures than did animals experiencing only a single ethanol withdrawal. Al-
though the specific mechanism of this enhanced convulsant effect of Ro15-4513 following multiple ethanol withdrawals re-
mains to be determined, these results suggest an involvement of GABA ,-benzodiazepine receptors in this multiple

withdrawal phenomenon. © 1999 Elsevier Science Inc.
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ALCOHOL withdrawal seizures are serious, potentially fatal,
and have been identified as the most common cause of adult-
onset seizure disorders. Clinical research into the etiology of
these withdrawal seizures has shown an increase in the num-
ber and severity of seizures with increasing duration of alco-
hol abuse and increasing number of withdrawal episodes (6).
Several clinical studies have observed a high correlation be-
tween the number of hospital admissions for detoxification
from alcohol and the occurrence of withdrawal seizures
(6,20,21).

Experimental studies also have reported that following re-
peated cycles of ethanol intoxication and withdrawal, animals
exhibit an increase in the number as well as severity of sei-
zures (2,3,9,41). Ballenger and Post (1) and Pinel (36) hypoth-
esized that during multiple intoxication and withdrawal cy-
cles, withdrawal-induced changes in neuronal activity could
serve as a kindling stimulus, and that this kindling might even-
tually culminate in full motor seizures. Animals exposed to
multiple cycles of ethanol exposure and withdrawal do show

alterations in the development of electrical kindling, although
this effect was observed to vary with the site of the kindling
stimulus (24,44). Increased spiking has also been observed in
the EEG of rats and mice after a second withdrawal episode
(37,43,45).

Despite a number of studies reporting an increase in sei-
zure sensitivity following exposure to multiple cycles of etha-
nol intoxication and withdrawal, the mechanism underlying
this multiple withdrawal phenomenon remains to be deter-
mined. It is suggested that the CNS hyperexcitability due to
withdrawal from previous chronic exposures to alcohol might
be responsible for an increase in the occurrence and severity
of seizures observed following repeated ethanol withdrawal
episodes (1,36).

McCown and Breese (25) have indicated that kindling fa-
cilitation observed following multiple withdrawals from chronic
ethanol exposures may be caused by a decrease in GABA-
ergic inhibition. In this study, the sensitivity to locally applied
bicuculline was found to be increased from 6 to 10 ethanol
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withdrawals, in association with a facilitation of kindling, sug-
gesting a progressive change in GABA , receptor pharmacol-
ogy from a single ethanol withdrawal to multiple withdrawals.
Kokka and co-workers have also suggested the involvement
of GABA, receptors in kindling facilitation observed follow-
ing chronic intermittent ethanol treatment based on the simi-
larity between chronic intermittent ethanol-treated and
chronic pentylenetetrazole-treated rats (18), and reduced hip-
pocampal GABA , receptor function has been reported after
chronic intermittent ethanol (17).

The neurobiological mechanisms that underlie the behav-
ioral actions of a single episode of chronic exposure to ethanol
such as tolerance, physical dependence, and the withdrawal
syndrome appear to involve GABA, receptors as well as
NMDA receptors (31,34,46). As shown by us and other work-
ers, a single period of chronic ethanol exposure, with no inter-
mittent withdrawal episodes decreases the functional sensitiv-
ity of GABA , receptors to agonists, but increases sensitivity
to inverse agonists of the receptor (4,28,29,31). Our previous
studies showed that chronic ethanol exposure produced an
upregulation of binding sites for the benzodiazepine inverse
agonist and ethanol antagonist Ro15-4513, in cerebral cortex
and cerebellum of rat brain and in embryonic cultured neu-
rons, with no change in the binding of benzodiazepine ago-
nists or antagonists (28,29). Correlated with these changes,
sensitivity to the convulsant actions of GABA, receptor in-
verse agonists also increases following chronic ethanol admin-
istration, which suggests a shift in receptor function towards
inverse agonism during withdrawal from such chronic expo-
sure (27).

In the present study, an attempt has been made to deter-
mine whether exposure to multiple cycles of ethanol intoxica-
tions and withdrawals increases sensitivity to the convulsant
effects of Ro15-4513 when compared to a single period of
chronic ethanol exposure through vapor inhalation with no in-
termittent withdrawal episodes.

METHOD
Animals

Sixty-four, 60-90-day-old male Sprague-Dawley rats (Har-
lan, Indianapolis, IN), weighing 303 * 8 g at the beginning of
experimental treatment, were group housed in a temperature-
and humidity-controlled vivarium with lights on a 12L:12D
cycle. Animals were maintained for 1 week prior to the start
of any experimental treatment, and had free access to food
and water throughout this study.

Drugs

Ro015-4513 (RBI, Natric, MA) was dissolved in dimethyl
sulfoxide (DMSO) (final concentration 5.0 mg/ml), diluted as
1:1 in saline, and administered as 5.0 mg/kg, IP. DMSO (1.0
ml/kg, IP) is reported not to have any anticonvulsant or pro-
convulsant effects per se (27). Vehicle-only injections con-
sisted of DMSO 1:1 in saline, administered as 1.0 ml/kg, IP.

Chronic Ethanol Exposure

One week after delivery, animals were assigned to one of
four ethanol-exposure groups. Ethanol was administered
through vapor inhalation as described below. Group 1 (naive)
received no ethanol exposure, but received similar handling
to that of ethanol-exposed groups, including regular collec-
tion of tail-vein blood (20 wl). Group 2 (7-day continuous) re-
ceived one cycle of 7 days of continuous ethanol exposure
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with no intermittent withdrawal periods. Group 3 (22-day
continuous) received one cycle of 22 days of chronic ethanol
treatment with no intermittent withdrawal period. Group 4
(multiple withdrawals) received five cycles of 3 days and one
last cycle of 7 days chronic ethanol exposure with each expo-
sure cycle followed by a single 24-h period of withdrawal. The
total cumulative exposure to ethanol for group 4 was 22 days,
with five intermittent 24-h withdrawal periods. Treatment was
begun for each group so that animals were the same age at the
time of seizure testing.

For each chronic ethanol exposure period, the animals
were placed in vapor inhalation chambers as previously de-
scribed (43). Ethanol vapor, obtained by pumping air through
a 1-liter aspirator bottle containing 1000 ml of 95% ethanol,
was added to the fresh air flow at the rate of 0-2 I/min. The
ethanol flow rate was increased systematically throughout
each exposure period to accommodate the development of
ethanol tolerance and to obtain final blood ethanol levels of
250-350 mg/dl. Flow rate adjustments were varied between
groups such that ethanol exposure throughout the final 7-day
period of group 4 (multiple withdrawals) was similar to that of
group 2 (7-day continuous), and also the total cumulative ex-
posure of groups 3 (22-day continuous) and 4 (multiple with-
drawals) were similar. Chronic ethanol exposure was begun at
0800 h on day 1 and ended at 0800 h on the day of withdrawal
of the treatment.

Blood Ethanol Levels

Blood ethanol levels were determined periodically during
ethanol exposure and at the time of removal from the ethanol
vapor inhalation chamber. Samples of blood from the tail vein
(20 pl) were collected from animals of all four groups and as-
sayed by gas chromatography as previously described (43).

Assessment of Ethanol Withdrawal Reactions

Ethanol withdrawal hyperexcitability was evaluated by
monitoring the susceptibility to Ro15-4513-induced seizures
in rats belonging to each of the 4 groups. Susceptibility to
Ro015-4513-induced seizures was evaluated 8 to 9 h following
the last ethanol withdrawal, when ethanol-exposed rats are
reported to exhibit maximum audiogenic seizure susceptibil-
ity (14). For these evaluations, each ethanol-exposure group
was divided into two subgroups that received a single, acute
injection of either vehicle or Ro15-4513. Animals from each
group were tested at the same time, and the group identity of
individual animals and the type of injection were not revealed
to the observer until the completion of testing.

Evaluation of Rol5-4513-Induced Seizures

For the evaluation of drug-induced seizure susceptibility,
animals received a single injection of either vehicle or Ro15-
4513 (5.0 mg/kg) intraperitoneally, administered between 8
and 9 h after the final withdrawal from chronic treatment.
This dose of Ro15-4513 was selected through a preliminary
examination of seizure activity induced by injections of 5.0 or
10.0 mg/kg, IP in ethanol-exposed (7-day continuous expo-
sure) and ethanol-naive subjects (six subjects/group). It was
observed that 33% of ethanol-exposed rats exhibited seizures
during the 10 minutes following 5.0 mg/kg Ro15-4513, while
83% of ethanol-exposed rats exhibited seizures following 10.0
mg/kg Ro15-4513, when administered 8 to 9 h following with-
drawal from 7 days of ethanol exposure. Ethanol-naive sub-
jects did not exhibit seizures in response to either dose. The
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5.0 mg/kg dose of Rol5-4513 was, therefore, selected for
study to allow for the observation of possible increases in sen-
sitivity to Ro15-4513 after different ethanol exposure para-
digms in comparison with 7-days of continuous exposure.

For the quantification of Ro15-4513—-induced seizure activ-
ity, animals were observed for 10 min following drug adminis-
tration. Behavior of animals following drug injection was
rated as follows: 0—no response, 1—muscle tremor, 2—ab-
normal hindlimb posture, 3—mild limb extension, 4—severe
limb extension with severe tremor, and 5—tonic—clonic con-
vulsion.

Data Analysis

Differences in drug-induced seizure scores following ethanol
withdrawal were tested for significance using nonparametric
contingency table tests for categorical data (42). Analysis of
variance (ANOVA) was used to determine the significance of
group differences in weight change during the experimental
period and in blood ethanol levels. Data were analyzed to de-
termine the significance of between group differences in re-
sponse to ethanol exposure and to test drug administration
(vehicle or Ro15-4513).

RESULTS

During ethanol exposure, the rats exhibited sedation and
ataxia. After withdrawal from ethanol exposure, animals ex-
hibited mild muscle tremor, rigid posture, and splaying of the
hindlimbs. Rats belonging to group 4 (multiple withdrawals)
did not show obvious signs of withdrawal during the 24 h be-
tween 3-day ethanol exposure cycles, but did show symptoms
similar to those of the continuous exposure groups after the fi-
nal 7-day exposure period. These observations were not quan-
tified, however, and group differences were not evaluated sta-
tistically.

Blood Ethanol Levels

Blood ethanol levels at the time of final withdrawal from
ethanol exposure did not differ significantly, [F(2, 43) = 0.03,
p > 0.05, between ethanol exposure groups (groups 2, 3, and
4). The mean blood ethanol levels for groups 2, 3, and 4 were
316 = 20 mg/dl (n = 18), 331 = 30 mg/dl (n = 15), and 325 =
30 mg/dl (n = 16), respectively. Although blood ethanol levels
were not measured at the time of testing in these animals, eth-
anol was not detectable in the blood of any animals in a simi-
larly treated group of subjects 8 h postwithdrawal (mean
blood level at the time of withdrawal = 358 = 23 mg/dl, n = 5).

Effect of Chronic Ethanol Treatment on Body Weight

All four groups of rats were monitored for changes in body
weight. Naive rats showed a 17 = 1% (n = 12) increase in to-
tal body weight during the experimental period, whereas rats
in group 2 (7-day continuous) gained 3 = 2% (n = 18), rats in
group 3 (22-day continuous) gained 4 = 2% (n = 15), and rats
in group 4 (multiple withdrawals) gained 7 = 3% (n = 16) of
their initial body weight. These differences were statistically
significant, F(3, 47) = 6.98, p < 0.001, but reflect a difference
in weight gain of less than 12% between ethanol-naive and
ethanol-exposed animals. The mean weight (=SEM) of ani-
mals in each group at the end of the experiment was as fol-
lows: group 1 (naive): 325 = 1 g; group 2 (7-day continuous):
304 = 5 g; group 3 (22-day continuous): 310 = 5 g and group 4
(multiple withdrawals): 309 = 9 g.
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Drug-Induced Seizures

The administration of Ro15-4513 (5.0 mg/kg, IP) resulted
in mild behavioral responses in ethanol-naive animals (seizure
ratings = 2 or less). However, the same dose of Ro15-4513
induced a variety of symptoms in ethanol-exposed animals,
including muscle tremor, hindlimb extension, and mild tonic—
clonic convulsions of short duration. Naive and ethanol-
treated groups differed significantly in the observed seizure
ratings (p < 0.001).

In addition, seizure ratings after Ro15-4513 administration
were significantly affected by the pattern of ethanol exposure,
with group 4 animals (multiple withdrawals) found to be more
sensitive to the convulsant effects of Ro15-4513 (see Fig. 1A).
Seizure ratings were significantly higher in this group in com-
parison to group 1 (naive) (p < 0.001), group 2 (7-day contin-
uous) (p < 0.01), and group 3 (22-day continuous) (p < 0.05).
Also, significantly more animals in the multiple ethanol-with-
drawal group (group 4) exhibited full tonic—clonic convulsions
following administration of Ro15-4513 than did animals in
group 2 (p < 0.01) or group 3 (p < 0.05), suggesting that pre-
vious exposures to ethanol withdrawals enhanced the sensitiv-
ity to Ro15-4513 (see Fig. 2).

There were no significant differences (p > 0.05) observed
between group 2 (7-day continuous) and group 3 (22-day con-
tinuous) in seizure ratings or in the number of animals under-
going full motor convulsions following the administration of
Ro15-4513.

Vehicle injections were not observed to elicit seizure
symptoms in any of the groups (see Fig. 1B), although some
ethanol-exposed animals continued to show muscle tremor
and abnormal hindlimb posture after vehicle injection (ratings =
1 or 2). Groups did not differ significantly in seizure ratings
following vehicle injection (p > 0.05).

DISCUSSION

Clinical research has shown an increased propensity for al-
cohol-withdrawal seizures in patients who have previously un-
dergone alcohol-withdrawal seizures (6,20,21). These studies,
as well as several studies of animal models, support the hy-
pothesis of Ballenger and Post (1), suggesting an enhance-
ment of withdrawal signs and symptoms with subsequent
withdrawals from chronic alcohol exposure. However, despite
several studies reporting increased sensitivity to seizures fol-
lowing repeated withdrawal episodes, the neural mechanisms
underlying this phenomenon have not been elucidated.

The results from the present study show a significant in-
crease in seizure ratings following Ro15-4513 administration
in all ethanol-treated groups in comparison to control animals
(Fig. 1A). This supports the previous observation by Mehta
and Ticku (27), suggesting increased behavioral sensitivity to
Ro015-4513 during withdrawal from chronic ethanol exposure.
These results are also consistent with previous findings of an
increase in Ro15-4513 binding sites in rat brain, as well as in
cultured spinal cord neurons, following chronic ethanol treat-
ment (28,29).

In addition, there was a significant increase in Ro15-4513-
induced seizure ratings and in the incidence of tonic—clonic
seizures in animals exposed to multiple cycles of ethanol with-
drawal in comparison to animals receiving the same amount
of ethanol exposure but no intermittent withdrawal (Figs. 1
and 2). This was observed for groups equated with the multi-
ple withdrawal group (group 4: multiple withdrawals) on
amount of ethanol exposure during the last exposure cycle
(group 2: 7-day continuous) or on the total amount of ethanol
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FIG. 1. Effects of chronic ethanol exposure and withdrawal on (A) Ro15-4513-induced seizure
ratings, and (B) vehicle-induced ratings in rats. Bars represent the percentage of animals from each
group receiving the given seizure rating during a 10-min period following the acute administration
of Ro15-4513 or vehicle. (A) Ethanol-exposed rats were significantly more sensitive to the seizure-
inducing effects of Ro15-4513 than were ethanol-naive rats (p < 0.001). p < 0.001 compared to
group 1 (naive); bp < 0.01 compared to group 2 (7 day continuous ethanol), and °p < 0.05 com-
pared to group 3 (22 day continuous ethanol). (B) Groups did not differ significantly in their
responses following vehicle injection.
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FIG. 2. Effect of chronic ethanol exposure and withdrawal on Ro15-
4513-induced tonic—clonic seizure incidence in rats. Each bar represents
the percentage of animals from each group undergoing tonic—clonic
motor seizures during the 10-min period following administration of
Ro15-4513. Significantly more animals from the multiple ethanol
withdrawals group underwent full tonic—clonic convulsions following
administration of Ro15-4513 than any other group. None of the ani-
mals receiving vehicle alone exhibited any tonic—clonic seizures (Fig.
1B) 3p < 0.001 compared to group 1 (naive), °p < 0.01 compared to
group 2 (7 day continuous ethanol), and °p < 0.05 compared to group
3 (22 day continuous ethanol).

exposure (group 3: 22-day continuous). This indicates that the
sensitivity to the behavioral effects of the GABA, receptor
inverse agonist Ro15-4513 is increased due to previous expo-
sures to ethanol withdrawal. Although the current study in-
cluded observations of responses to just a single dose of Ro15-
4513 (5.0 mg/kg, IP) at one time postwithdrawal (8-9 h), the
results are consistent with our preliminary observations of the
effects of 5.0 and 10.0 mg/kg Ro15-4513, IP, in ethanol-naive
and 7-day continuous ethanol-exposed animals. There it was
observed that ethanol-naive animals showed little sensitivity
to these doses of Ro15-4513, but that animals withdrawn from
chronic ethanol exposure exhibited a dose-related increase in
drug-induced seizure ratings. Thus, although the use of a sin-
gle dose and time point in the current study prevents a com-
plete assessment of treatment-induced changes, the significant
increase in seizure ratings observed in animals exposed to
multiple withdrawal episodes following 5.0 mg/kg Ro15-4513,
IP, in the present study is suggestive of an increased sensitiv-
ity to Ro15-4513 at a time after withdrawal when animals
show the highest sensitivity to other seizure-inducing treat-
ments (14).

The imidazodiazepine Ro15-4513 is a structural analogue
of the benzodiazepine receptor antagonist Ro15-1788, and is a
partial inverse agonist of the GABA ,-benzodiazepine recep-
tor (5,39). This ligand binds to the classical benzodiazepine
recognition site, as well as to a “diazepam-insensitive” site as-
sociated with the GABA 4 receptor complex in the cerebellar
granule cell layer (a6-subtype) as well as in cerebral cortex
(ad-subtype) (22,47). It has been reported to antagonize the
effects of pharmacologically relevant concentrations of etha-
nol on the GABA-gated chloride channel (26). Furthermore,
behavioral studies have also demonstrated the selective abil-
ity of Ro15-4513 to antagonize some of the behavioral effects
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following acute administration of ethanol in experimental ani-
mals (5,10,40). A single episode of chronic ethanol treatment
(7-days continuous exposure) has been found to increase the
number of recognition sites for this compound in discrete
brain areas of the rat (28). Also, the affinity for the cerebellar
binding of [*H]R015-4513 was found to be higher in the tissue
from human alcoholics than in tissues from control subjects
(19), although changes in Ro15-4513 binding site density were
not observed in postmortem tissue from human alcoholics or
in brain membranes of alcohol drinking (AA) rats. These in-
vestigators, however, suggested that the lack of effect in their
animal study may have been the result of the low levels of eth-
anol exposure in that study. Buck and Harris (8) observed
that chronic ethanol exposure through a liquid diet in mice
significantly enhanced the ability of the benzodiazepine in-
verse agonists Ro15-4513 and DMCM to reduce chloride flux
following the withdrawal of ethanol, but this effect was not ac-
companied by changes in receptor density or affinity.

In a previous study, however, the enhanced sensitivity to
behavioral effects (seizure sensitivity) of Ro15-4513 observed
during withdrawal from a single episode of chronic ethanol
treatment in a similar paradigm (27) was correlated with an
increase in Ro15-4513 binding sites. Interestingly, in another
study increased sensitivity to the actions of inverse agonists
(DMCM and Ro15-4513) following chronic ethanol intake
was seen only in a genetically selected line of mice prone to
severe ethanol withdrawal seizures, and was not seen in those
selected for resistance to withdrawal seizures (7). This finding
suggests a possible link between the sensitivity to inverse ago-
nists and the susceptibility to severe seizures (7).

The enhanced convulsant effect of Ro15-4513 during with-
drawal from a single period of chronic ethanol treatment has
been found to be mediated through GABA ,—benzodiazepine
receptors, as it could be blocked by the GABA , receptor an-
tagonist Ro15-1788 (27). A marked increase in the mRNA
levels of GABA, receptor ay, o4, and B, subunits has also
been reported following chronic ethanol exposure and with-
drawal (11,12,30,32). Because a4 and g subunits uniquely
form subtypes that encode diazepam-insensitive Ro15-4513
recognition sites (22,47), these data support previous findings
that chronic ethanol exposure results in an increase in these
sites (4,28,29). This conclusion should be considered with cau-
tion, however, because it has been observed that GABA 4 re-
ceptors immunoprecipitated with y; or 8 antibodies do not
bind [*H]R015-4513 (38).

In relation to the above findings, the observations from the
present study suggest the possibility that previous withdrawals
from chronic ethanol exposures may further upregulate
GABA , receptor subunits encoding the Ro15-4513 recogni-
tion sites. Such an upregulation could contribute to the en-
hanced sensitivity to the convulsive actions of Ro15-4513, in
correlation to the number of withdrawals from chronic etha-
nol exposures. In support of this hypothesis, chronic intermit-
tent ethanol treatment has recently been shown to produce a
significant and long-lasting increase in diazepam-insensitive
binding sites in cultured cortical neurons (16).

Exposure to a single episode of chronic ethanol treatment
alters the pharmacology of GABA 4 receptors (31), and pro-
duces significant region-specific alterations in GABA 4 recep-
tor gene expression suggesting that chronic ethanol exposure
and withdrawal might cause a change in the conformation of
the receptor that could mediate the behavioral effects of
chronic exposure to ethanol such as tolerance, physical de-
pendence, and the withdrawal syndrome (11,12,23,30-33).
Also, as shown by us and other workers, a single episode of
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chronic ethanol exposure decreases the functional sensitivity of
the GABA , receptor to its various modulators (13,15,31,35)
and increases sensitivity to inverse agonists of the receptor
(4,8,28,29), suggesting a shift in receptor function towards in-
verse, agonism. From the present observations it seems possi-
ble that the sensitization to withdrawal symptoms following
multiple ethanol withdrawals could involve a further decrease
in GABA, receptor-mediated inhibitory neurotransmission
and an increased behavioral response to GABA 4 receptor in-
verse agonists.

This argument is further supported by the previous study
of McCown and Breese (25), where sensitivity to locally ap-
plied bicuculline (administered directly into the inferior colli-
culus) was found to increase from 6 to 10 ethanol withdrawals
in association with a facilitation of electrical kindling, suggest-
ing a progressive change in GABA , receptor pharmacology
with increasing numbers of withdrawal episodes. A shift of
the receptor to inverse agonism as stated above, could be as-
sociated with an increased sensitivity to the convulsant effects
of GABA 4 receptor inverse agonists, such as Ro15-4513, and
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antagonists, such as bicuculline, as indicated in the present
study and that of McCown and Breese (25).

In conclusion, exposure to multiple cycles of ethanol intox-
ication and withdrawal increases sensitivity to the convulsant
effects of the GABA, receptor inverse agonist Ro15-4513.
The specific mechanism of this enhanced convulsant effect of
Ro015-4513 following multiple ethanol withdrawals remains to
be determined. This increased sensitivity to a GABA 4 recep-
tor inverse agonist following repeated withdrawals from
chronic ethanol exposure suggests a possible mechanism for
the increased severity of the alcohol-withdrawal syndrome
sometimes seen in human alcoholics after repeated with-
drawal episodes, and may have clinical significance for treat-
ment of the alcohol-withdrawal syndrome.
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