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KALYNCHUK, L. E., T. E. KIPPIN, J. P. J. PINEL AND C. P. McCINTYRE. Dissipation of contingent tolerance
to the anticonvuisant effect of diazepam: Effect of the criterion response. PHARMACOL BIOCHEM BEHAYV 49(4) 1113-
1117, 1994, — The effect of convulsive stimulations on the dissipation of tolerance to the anticonvulsant effect of diazepam
was investigated using the kindled-convulsion model. Amygdala-kindled rats were rendered tolerant to diazepam’s anticonvul-
sant effect by 25 “bidaily” (one/48 h) diazepam injections (2.5 mg/kg), each followed 1 h later by a convulsive stimulation.
They were then divided into nine groups for the tolerance-dissipation phase of the experiment. Of the nine groups, three
received bidaily control handling for one trial, three trials, or seven trials; three received bidaily saline injections, each 1 h
before a convulsive stimulation, for one, three, or seven trials; and three received bidaily diazepam injections, each 1 h after a
convulsive stimulation, for one, three, or seven trials. Finally, each rat received a tolerance-retention test (i.e., a diazepam
injection followed 1 h later by a convulsive stimulation) 48 h after its last tolerance-dissipation trial. The tolerance dissipated
gradually but completely over the 4-, 8-, and 16-day test intervals in the rats that received a convulsive stimulation before each
injection during the tolerance-dissipation phase, whether they were injected with saline or diazepam; in contrast, tolerance did
not dissipate in the rats that received saline injections but no stimulations. Remarkably, the discontinuance of the bidaily
diazepam injections, even for 16 days, was not sufficient to dissipate the tolerance that had developed to diazepam’s anticon-
vulsant effect; nor was the continuation of the bidaily diazepam injections sufficient to keep tolerance from dissipating. The
present findings support previous assertions that the performance of the criterion response while undrugged is the key factor
in the dissipation of contingent drug tolerance; and they provide the first controlled demonstration of the time course of the

dissipation.
Amygdala Kindling Convulsion Tolerance dissipation Diazepam Benzodiazepine
Anticonvulsant Seizure Rat Continent tolerance

THE development of tolerance to many drug effects has been
shown to be contingent on the repeated experience of the par-
ticular drug effect under investigation (25,28). For example,
Pinel et al. have found that tolerance develops to “bidaily”
(one/48 h) injections of pentobarbital, carbamazepine, diaze-
pam, ethanol, and sodium valproate in amygdala-kindled rats
only when the drug is injected before each convulsive stimula-
tion so that the anticonvulsant effect of the drug can be experi-
enced. No tolerance develops in kindled rats that receive bi-

! To whom requests for reprints should be addressed.

daily injections of the drug after each convulsive stimulation
(16). Such tolerance, which is not the inevitable product of
drug exposure, but is contingent on the repeated experience of
the criterion drug effect, has been termed “contingent toler-
ance” (1). Contingent tolerance has been demonstrated to nu-
merous drug effects—for example, to the effects of ethanol
on maze running (7), on the decay of posttetanic potentiation
in the aplysia abdominal ganglion (26), on male sexual behav-
ior (18), and on responding to painful stimulation (5,6); to the
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adipsic effect of scopolamine (21); and to the anorectic effects
of amphetamine (2), cocaine (29), and quipazine (24).

There is also evidence that response contingencies can play
a role in the dissipation of drug tolerance. For example, in a
study of contingent tolerance to the anticonvulsant effects of
ethanol, Mana and Pinel (9) found no loss of tolerance over a
14-day retention interval in rats that received neither ethanol
injections nor convulsive stimulations during the interval. In
contrast, tolerance dissipated completely in rats receiving only
bidaily convulsive stimulations and in those receiving bidaily
convulsive stimulations and bidaily ethanol injections, as long
as the stimulations were delivered to the subjects when they
were drug free. Remarkably, the cessation of ethanol exposure
was neither a necessary nor a sufficient condition for the dissi-
pation of contingent tolerance: The critical factor in the dissi-
pation of tolerance was the experience of convulsions while
undrugged. This finding has been extended to the anticonvul-
sant effects of diazepam and carbamazepine by Mana (8) and
Weiss and Post (27), respectively.

The present experiment was a further investigation of the
role of the response contingency in the dissipation of contin-
gent drug tolerance to anticonvulsant drug effects. Its purpose
was to determine the course of such dissipation. The previous
three studies of the effect of convulsive stimulation on the
dissipation of contingent tolerance to anticonvulsant drug ef-
fects systematically evaluated the decline of tolerance after
only a single retention interval: 14 days of bidaily stimulations
in the study by Mana and Pinel (9), 16 days of bidaily stimula-
tions in the study by Mana (8), and 11 days of daily stimula-
tions in the study by Weiss and Post (27). In each case, toler-
ance did not decline in rats that received no drug during the
retention interval, but dissipated totally in rats that received a
series of convulsive stimulations while undrugged during the
same period. Accordingly, little is known about the course of
the decline of the tolerance to anticonvulsant drug effects ex-
cept that after about 2 weeks the tolerance totally dissipates.
The purpose of the present experiment was to determine
whether contingent tolerance to the anticonvulsant effect of
diazepam dissipates gradually or abruptly, as a step function
(i.e., after one or two stimulations).

METHOD
Subjects

The subjects were 71 adult, male, Long-Evans rats pur-
chased from Charles River Canada (Montreal, Quebec). They
were individually housed in steel hanging cages in a colony
room with an ambient temperature of about 21°C and a 24-h
light-dark cycle (lights on at 0800 h). Purina rat chow (Rich-
mond, IN) and water were available continuously in the home
cages. All experimental manipulations were conducted in the
colony room during the light phase of the light-dark cycle.

Drugs

Diazepam was purchased from Hoffman-La Roche in 10
mg/2 ml ampoule form. The vehicle was isotonic saline with
2% Tween 80 (J.T. Baker Chemical, St. Louis, MO). All drug
and vehicle injections were delivered intraperitoneally in a vol-
ume of § ml/kg.

Surgery

A single, bipolar electrode (Plastic Products Company;
MS-303-2, Roanoke, VA) was implanted in the left basolateral
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amygdala of each rat, under sodium pentobarbital anesthesia
(65 mg/kg, intraperitoneally [IP]). The electrode tip was
aimed at a site 2.8 mm posterior, 5.0 mm left, and 8.5 mm
ventral to the skull surface at bregma, with the incisor bar set
at —3.3 mm (13). The electrode was secured to the skull with
four stainless-steel screws and dental acrylic. Powdered tetra-
cycline was sprinkled on the incision before suturing to reduce
infection.

Kindling Phase

After a postsurgical recovery period of at least 5 days, each
rat was stimulated (1 s, 60 Hz, 400 pA) three times per day, 5
days per week, for 3 weeks. There was a minimum of 2 h
between consecutive stimulations. As is usual (19,23), the ini-
tial stimulations produced no behavioral response other than
a momentary behavioral arrest, but by the end of the 45 kin-
dling stimulations, almost every stimulation elicited a general-
ized clonic convulsion characterized by facial clonus, forelimb
clonus, rearing, and loss of equilibrium. The measure of con-
vulsion severity was the duration of forelimb clonus; this mea-
sure has been shown to be particularly reliable and sensitive to
a variety of pharmacologic manipulations (15,17).

Baseline Phase

The baseline phase of the experiment began 48 h after the
last of the 45 kindling stimulations; it comprised five stimula-
tions, one every 48 h. This bidaily stimulation schedule, once
initiated during the baseline phase, was maintained for the
duration of the experiment. A bidaily injection schedule was
employed to reduce the possibility of drug accumulation (12).
Each rat was injected with the saline vehicle (5 ml/kg) 1 h
before the fourth baseline stimulation; here, this fourth base-
line trial is referred to as the saline baseline test. On the fifth
baseline stimulation 48 h later, each rat was injected with
diazepam (2.5 mg/kg, IP) 1 h before a stimulation; here, this
fifth baseline trial is referred to as the drug baseline test. The
dose of diazepam that was used on the drug baseline test was
selected because, in our experience, it is the minimum dose
that will reliably block the forelimb clonus elicited by amyg-
dala stimulation in almost all kindled rats (10). Rats that
displayed < 20 s of forelimb clonus on the saline baseline test
or > 10 s of forelimb clonus on the drug baseline test were
not studied further: Two and five rats, respectively, failed
to meet these two criteria. In addition, nine rats dislodged
their electrode caps and one rat became ill during the course
of the kindling and baseline phases. Thus, 54 of the initial 71
rats entered the tolerance-development phase of the experi-
ment.

Tolerance-Development Phase

Beginning 48 h after the drug baseline test, each rat re-
ceived 25 bidaily tolerance-development trials in which di-
azepam (2.5 mg/kg, IP) was injected 1 h before a convul-
sive stimulation. By the end of this tolerance-development
phase, all but 10 rats met the criterion of tolerance, a mean
duration of forelimb clonus on the last three tolerance-
development trials that was at least 50% of the duration of
that rat’s forelimb clonus on the saline baseline test. Because
the purpose of this experiment was to study the dissipation
of tolerance, these 10 rats were not studied further, and the
remaining 44 rats entered the tolerance-dissipation phase of
the experiment.
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FIG. 1. The development of tolerance to the anticonvulsant effect
of diazepam. On the drug baseline test, diazepam exerted a potent
anticonvulsant effect, but by the end of the 25-trial tolerance-
development phase, substantial tolerance to this effect had developed.

Tolerance-Dissipation Phase

The tolerance-dissipation phase began 48 h after the last
trial of the tolerance-development phase. The remaining 44
rats were divided into nine groups in such a way that the mean
forelimb clonus duration elicited over the last three trials of
the tolerance-development phase was approximately equal for
each group. Of the nine groups, three received no treatment
(noDZ-noSTIM group) other than bidaily handling; they were
weighed and put briefly into the plastic testing box once (n =
5), three times (n = 5) or seven times (7 = 5). Three other
groups received bidaily saline injections, each 1 h before a
convulsive stimulation (SAL-after-STIM group) for one (n =
5), three (n = 4), or seven trials (n = 5). The final three
groups received bidaily diazepam injections, each 1 h after a
convulsive stimulation (DZ-after-STIM group) for one (n =
5), three (n = 5), or seven trials (n = 5). Accordingly, the
design was a 3 X 3 factorial with three retention intervals and
three stimulation and drug conditions.

Tolerance-Retention Test

Each rat received a tolerance-retention test 48 h after the
last trial of its tolerance-dissipation phase —that is, 4, 8, or 16
days after its final tolerance-development trial. Each toler-
ance-retention test was identical to the drug baseline test; each
rat received an injection of diazepam (2.5 mg/kg, IP) 1 h
before a convulsive stimulation. The purpose of the tolerance-
retention test was to assess the degree to which tolerance to
the anticonvulsant effect of diazepam had dissipated.

Statistics

Only the data of the 44 rats that completed the experiment
were subjected to statistical analysis. The statistical signifi-
cance of the development of tolerance was assessed using a
one-tailed #-test of the differences in forelimb clonus duration
displayed by each rat on the drug baseline trial and the mean
of its last three tolerance-development trials. The statistical
significance of the dissipation of tolerance after each interval
was assessed using a two-way repeated-measures analysis of
variance —one at each of the three retention intervals — of the
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differences in the mean duration of forelimb clonus displayed
by each rat on the last three trials of the tolerance-develop-
ment phase and on its tolerance-retention test. In addition,
posthoc analyses of simple effects were performed to assess
the significance of differences between pairs of groups. The
significance level for all comparisons was p < 0.05.

RESULTS

Figure 1 illustrates the mean forelimb clonus durations for
all the rats on the saline baseline and drug baseline tests, and
the acquisition of tolerance to the anticonvulsant effect of
diazepam over the 25-trial tolerance-development phase. It is
readily apparent that diazepam initially blocked forelimb clo-
nus in all subjects and that substantial tolerance developed to
this effect over the ensuing 25 tolerance-development trials.

Figure 2 illustrates the time course of the dissipation of this
tolerance in the three conditions of the experiment. Tolerance
had dissipated in the SAL-after-STIM rats and the DZ-after-
STIM rats slightly after the 4-day interval, partially after the
8-day interval, and completely after the 16-day interval. In
contrast, there was no decline of tolerance whatsoever in the
noDZ-noSTIM rats.

Statistical analyses confirmed the significance of these ef-
fects. Analysis of the tolerance-development data (Fig. 1) indi-
cated that the rats displayed significantly more forelimb clo-
nus on the last three tolerance-development trials than they
did on the drug baseline trial (t(43) = 32.55, p < 0.0001).
Analysis of the differences between the mean of the last three
tolerance-development trials and the tolerance-retention test
at the 4-day interval revealed no statistically significant ef-
fects. However, analysis of the differences at 8 days revealed
a significant group main effect (F(2, 12) = 8.435, p < 0.006)
and a significant interaction effect (F(2, 12) = 11.05, p <
0.002). Subsequent posthoc analysis of simple effects at the
8-day interval revealed that both the SAL-after-STIM (F(1,
12) = 5.52, p < 0.03) and the DZ-after-STIM (F(1, 12) =
8.06, p < 0.01) rats displayed significantly less forelimb clo-
nus on the tolerance-retention test than on the final three
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FIG. 2. The dissipation of tolerance to the anticonvulsant effect of
diazepam. The mean forelimb clonus duration is shown for the last 3
days of the tolerance-development phase (Tolerance Baseline), and
for the 4-, 8-, and 16-day tolerance-retention intervals. Tolerance dis-
sipated gradually in the saline after stimulation (SAL-after-STIM) and
the diazepam after stimulation (DZ-after-STIM) rats, but not in the
noDZ-noSTIM rats, which displayed a slight increase in convulsion
duration after the discontinuation of treatment.
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tolerance-development trials, and that the noDZ-noSTIM
(F(1, 12) = 9.82, p < 0.01) rats displayed significantly more
forelimb clonus on the tolerance-retention test than on the
final three tolerance-development trials. Analysis of the dif-
ferences at 16 days revealed a significant group main effect
(F(2, 12) = 16.501, p < 0.0004), a significant repeated-
measures main effect (F(1, 12) = 31.062, p < 0.0001), and a
significant interaction effect (F(2, 12) = 15.02), p < 0.0005).
Posthoc analysis of simple effects at the 16-day interval re-
vealed that both the SAL-after-STIM (F(1, 12) = 26.92, p <
0.001) and the DZ-after-STIM (F(1, 12) = 34.06, p < 0.001)
rats, but not the noDZ-noSTIM (F(1, 12) = 1.55, p > 0.10)
rats displayed significantly less forelimb clonus on the toler-
ance-retention test than on the tolerance-development trials.

Histologic analysis revealed that all of the electrode tips
had been positioned in or on the boundary of the basolateral
nucleus of the amygdala.

DISCUSSION

These results confirm the previous findings of Mana and
Pinel (9), Mana (8), and Weiss and Post (27) that the adminis-
tration of convulsive stimulations in the absence of drug is
critical for the dissipation of contingent tolerance to anticon-
vulsant drug effects. Tolerance to the anticonvulsant effects
of diazepam did not dissipate in rats that did not receive diaze-
pam during the 16-day retention interval when they were not
stimulated during this interval. In contrast, tolerance dissi-
pated gradually, but completely, over the 16-day retention
interval in rats that were stimulated before each bidaily injec-
tion, even when they continued to receive diazepam. Thus,
the withdrawal of diazepam alone was neither necessary nor
sufficient for the dissipation of tolerance, and the continua-
tion of diazepam administration was neither necessary nor
sufficient for the retention of tolerance once it had developed.
Instead, the critical factor in the dissipation of tolerance ap-
peared to be the repeated elicitation of the criterion response
(convulsive activity) in the absence of diazepam; rats exposed
to the same regimen of bidaily diazepam injections that made
them tolerant lost their tolerance when a convulsive stimula-
tion was administered before each injection.

Similar support for the importance of a response contin-
gency in the dissipation of tolerance has been provided by
other studies. For example, it has been shown that rats will
not lose their tolerance as rapidly to the effects of tetrahydro-
cannabinol on lever pressing unless they can lever press in the
absence of drug (11), to amphetamine’s anorectic effect unless
they can eat in the absence of the drug (22), or to scopol-
amine’s adipsic effect unless they can drink in the absence of
the drug (21). However, in each of these experiments, the
dissipation of tolerance was assessed after a single retention
interval. Thus, they provided no information about the time
course of the dissipation of contingent tolerance.

The primary purpose of the present experiment was to as-
sess the time course of the dissipation of contingent tolerance
to the anticonvulsant effect of diazepam. In particular, our
goal was to determine whether the dissipation of tolerance to
anticonvulsant drug effects would be a step function (i.e.,
whether it would dissipate entirely after the experience of a
single convulsion in the absence of the drug), or whether it
would dissipate gradually over a series of convulsions. The
results clearly support the latter view: The dissipation of toler-
ance to the anticonvulsant effect of diazepam was apparent
after two drug-free convulsions, but it did not approach base-
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line until the eighth drug-free stimulation. Although this is the
first experiment systematically to assess the time course of
the dissipation of contingent tolerance to anticonvulsant drug
effects, a study by Weiss and Post (27) did provide relevant,
but uncontrolled data. Weiss and Post did not include a no-
stimulation control group in their study because its primary
purpose was not to describe the time course of the dissipation
of contingent tolerance. However, their data suggest that con-
tingent tolerance to the anticonvulsant effect of carbamaze-
pine dissipates gradually; they reported a progressive dissipa-
tion of contingent tolerance after three, five, and 11 daily
trials of carbamazepine-after-stimulation treatment, which is
a time course of dissipation similar to the one observed in the
present experiment.

At all three retention intervals, the rats in the noDZ-
noSTIM control group displayed convulsions that were longer
than those observed on the tolerance test, although this differ-
ence achieved statistical significance on only the 8-day test.
This unanticipated increase could reflect the action of convul-
sive withdrawal effects conditioned to the stimulation environ-
ment, or it could reflect a shift in the convulsion baseline
caused by an increase in the duration of the antecedent inter-
stimulation interval. On the basis of the present findings, it is
impossible to chose between these alternatives, or indeed, to
be confident that the increase is a reliable one.

The results of this experiment are inconsistent with the
assumption that the cessation of drug exposure is the suffi-
cient cause of the dissipation of drug tolerance —no decline in
tolerance was observed, even after 16 drug-free days, in the
noDZ-noSTIM rats. However, they are consistent with, and
indeed were predicted on the basis of, the drug-effect theory
of tolerance. According to the drug-effect theory, functional
drug tolerance, like other forms of neural adaptation, is a
response to the disruption of particular patterns of neural
activity, not to the mere presence of the disruptive agent
(16,20). Just as an adaptation to vision-displacing prisms is a
specific corrective reaction to the experience of their disruptive
effects on visuomotor performance, functional drug tolerance
is a specific corrective reaction to the disruptive effects of
drugs on concurrent patterns of neural activity (8,21). More
germane to the present experiment is the drug-effect view of
the dissipation of tolerance. According to this view, the dissi-
pation of tolerance, like the development of tolerance, is an
adaptation to the disruption of neural activity, specifically to
patterns of neural activity that have adapted to the presence
of the drug. Accordingly, the drug-effect theory predicted the
major finding of the present experiment: that the experience
of convulsive activity in the absence of diazepam would be
the main causal factor in the dissipation of tolerance to its
anticonvulsant effect.

Several clinical studies lend support to the present findings.
For example, Gastaut and Low (4) reported that the anticon-
vulsant effect of clobazam was reinstated in tolerant patients
by a period of interrupted treatment during which seizures
were allowed to recur. Similarly, Doyle et al. (3) reported that
epileptic patients who experienced seizures during an interrup-
tion of their antiepileptic medication had 50% fewer seizures
than before the interruption once their antiepileptic treatment
was resumed. This pattern of clinical findings is not limited to
the treatment of epilepsy: Pazzaglia and Post (14) reported
that a patient who was tolerant to the antinociceptive effect of
carbamazepine responded to treatment after an interruption
of medication during which he experienced several bouts of
trigeminal neuralgia. These clinical results, in combination
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with the present findings, suggest that discontinuing drug ther-
apy for brief periods under close medical supervision may be
an effective means of dissipating problematic levels of drug
tolerance, providing that the symptoms reemerge during the
drug-free period.
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