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MANA, M. J., C. K. K1M, J. P. J. PINEL AND C. H. JONES. Contingent tolerance to the anticonvulsant effects of carbam- 
azepine, diazepam, and sodium valproate in kindled rats. PHARMACOL BIOCHEM BEHAV 41(1) 121-126, 1992.--The effect 
of convulsive stimulation during periods of drug exposure on the development of tolerance to the anticonvulsant effects of carbam- 
azepine (CBZ), diazepam (DZP), or sodium valproate (VPA) was studied in three similar experiments. In each experiment, 
amygdala-kindled rats were assigned to one of three groups: one group received a drug injection (CBZ, 70 mg/kg, IP; DZP, 2 
mg/kg, IP; VPA, 250 mg/kg, gavage) 1 h before each of a series of 10 bidaily (one every 48 h) convulsive stimulations, a second 
group received the same dose of the drug 1 h after each of the 10 stimulations, and a third group served as a vehicle control. The 
drug tolerance test occurred in each experiment 48 h after the 10th tolerance-development trial; every rat received the appropriate 
dose of CBZ, DZP, or VPA 1 h before being stimulated. In each experiment, only the rats from the drug-before-stimulation group 
displayed a significant amount of tolerance to the drug's anticonvulsant effect. Thus the development of tolerance to the anticon- 
vulsant effects of CBZ, DZP, and VPA was not an inevitable consequence of drug exposure; the development of tolerance was 
contingent upon the occurrence of convulsive stimulation during the periods of drug exposure. These results support the idea that 
functional drug tolerance is an adaptation to a drug's effects on ongoing patterns of neural activity, rather than to drug exposure 
per se. 
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TOLERANCE has been shown to develop to the anticonvulsant 
effects of most antiepileptic drugs (11-13). The generality of this 
form of drug tolerance and its obvious clinical significance have 
stimulated efforts to identify the factors that influence it. It has 
been shown that the development of tolerance to the anticonvul- 
sant effects of antiepileptic drugs (a) progresses at different rates 
for different antiepileptic drugs [e.g., (2,10)], (b) is influenced 
by the concurrent administration of other antiepileptic drugs 
[e.g., (20)], (c) is influenced by the dose [e.g., (15)] and sched- 
ule of drug administration [e.g., (12)], (d) transfers between 
some antiepileptic drugs but not between others [e.g., (18)], and 
(e) is influenced by the type of seizure that is being controlled 
[e.g., (19)]. The purpose of the present experiments was to de- 
termine whether the development of tolerance to the anticonvul- 
sant effects of three commonly prescribed antiepileptic drugs, 
carbamazepine (CBZ), diazepam (DZP), and sodium valproate 
(VPA), is facilitated by the administration of convulsive stimu- 
lation during periods of drug exposure. 

The idea that the development of drug tolerance might be in- 
fluenced by the activity of the drug recipient during periods of 
drug exposure is not a new one. In 1971, Carlton and Wolgin 

(4) found that tolerance did not develop to the anorexigenic ef- 
fects of amphetamine in rats unless the rats were allowed to eat 
during periods of amphetamine exposure, and they coined the 
term contingent tolerance to refer to drug tolerance whose de- 
velopment is contingent upon the subjects' activity during drug 
exposure. Many instances of drug tolerance have subsequently 
been shown to be contingent. For example, Poulos and Hinson 
(37) found that the development of tolerance to scopolamine's 
adipsic effect is contingent upon rats having the opportunity to 
drink during periods of scopolamine exposure. Traynor, Schlapfer, 
and Barondes (44) reported that the development of tolerance to 
ethanol 's  effect on the decay of posttetanic potentiation in the 
abdominal ganglion of the marine mollusc Aplysia is contingent 
upon tetanic stimulation being delivered during the period of 
ethanol exposure. Jrrgenson and his colleagues [e.g., (17)] 
found that the development of tolerance to ethanol 's  analgesic 
effect is contingent upon rats receiving painful stimulation dur- 
ing periods of ethanol exposure, and a similar finding was re- 
cently reported by Advokat (1) for morphine tolerance. 

The primary stimulus for the present experiments was our 
previous observation that the development of tolerance to etha- 
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nol's anticonvulsant effect on kindled seizures is contingent upon 
convulsive stimulation being delivered during periods of ethanol 
exposure [e.g., (31-34)]. The specific purpose of the present 
experiments was to determine whether convulsive stimulation 
during periods of drug exposure would similarly facilitate the 
development of tolerance to the anticonvulsant effects of CBZ, 
DZP, and VPA on kindled convulsions. These three drugs were 
selected for study because tolerance had been shown to develop 
to their anticonvulsant effects on kindled convulsions in rats 
[(25); see also (16, 23, 40)]. 

METHOD 

Because the three experiments reported in this paper were 
conducted in a similar fashion, they are described here as one. 

Subjects 

The subjects were 117 male Long-Evans rats (Charles River, 
Canada), weighing between 350 and 400 g at the time of sur- 
gery and between 550 and 650 g at the end of the experiment. 
The rats were individually housed in wire mesh cages with con- 
tinuous access to Purina laboratory chow and water. All experi- 
mental manipulations were conducted during the light phase of 
the 12:12-h light:dark cycle (lights on at 8:00 a.m.). 

Surgical Procedure 

A single bipolar electrode (Plastic Products, MS-303-2) was 
implanted in each subject by conventional stereotaxic surgery 
under sodium pentobarbital anesthesia (65 mg/kg, IP). The tar- 
get in each case was in the left basolateral amygdala [1.2 mm 
posterior, 5 mm lateral, and 10 mm ventral to the skull surface 
at bregma, with the incisor bar set at + 5.0; coordinates from 
(29)]. The electrode was held in place with stainless steel screws 
and dental acrylic. Tetracycline was sprinkled on the incision 
before suturing, and it was added to the drinking water for 7 
days after surgery. 

Drugs 

The DZP and CBZ were administered intraperitoneally in a 
2% Tween 80 and isotonic saline vehicle at a volume of 4 ml/ 
kg. The DZP (2 mg/kg; Hoffmann-La Roche) was injected in 
solution, whereas the CBZ (70 mg/kg; Geigy) was injected in 
suspension. Sodium valproate (250 mg/kg; Abbott) was admin- 
istered in suspension by gavage in a 2% Tween 80 isotonic sa- 
line vehicle at a volume of 4 ml/kg. This route of administration 
was used for the VPA because we had earlier noted that it 
caused the rats less distress than IP injection. These doses were 
employed because they had been used in a previous study of 
tolerance to anticonvulsant drug effects in kindled rats (25). 

Kindling Phase 

The kindling phase began at least 7 days after surgery. Dur- 
ing the kindling phase, each rat was stimulated (1 s, 60 Hz, 400 
txA) three times per day, 5 days per week, for 3 weeks, with at 
least 2 h between consecutive stimulations. The rats' response 
to the initial stimulation was typically a brief period of behav- 
ioral arrest, but by the end of the kindling phase, each stimula- 
tion elicited a stereotypical generalized clonic convulsion 
characterized in sequence by facial clonus, forelimb clonus, 
rearing, and a loss of equilibrium [see (36,38)]. All rats pro- 
gressed to the no-drug baseline phase. 

No-Drug Baseline Phase 

The no-drug baseline phase began 48 h after the completion 
of the kindling phase. During the no-drug baseline phase, each 
rat received four amygdala stimulations, one every 48 h (___ 2 
h). This bidaily stimulation schedule, once initiated, was main- 
tained for the remainder of the experiment. The duration of 
forelimb clonus was the dependent measure; it had been shown 
to be particularly reliable and to be sensitive to a variety of 
pharmacological manipulations [e.g., (28,31)]. Electrographic 
activity was not recorded. Rats that did not display at least 20 s 
of forelimb clonus on the last no-drug baseline trial, referred to 
hereafter as the no-drug baseline test, were excluded from fur- 
ther study (n = 8). 

Drug Baseline Test 

The anticonvulsant effect of each drug was assessed on the 
drug baseline test, which occurred 48 h after the no-drug base- 
line test. In each of the three experiments, the appropriate drug 
was administered to every rat 1 h before the scheduled convul- 
sive stimulation. Rats not showing at least an 80% reduction in 
the duration of their forelimb clonus from the no-drug baseline 
test to the drug baseline test were rejected from the study: 4 rats 
receiving CBZ, 4 rats receiving DZP, and 10 rats receiving VPA 
did not meet this criterion; this suggests that the three drugs were 
not equipotential under the conditions of these experiments. The 
remaining rats in each experiment were then assigned to one of 
three treatment groups; either a drug-before-stimulation group, a 
drug-after-stimulation group, or a vehicle control group. They 
were assigned in such a way that the mean duration of forelimb 
clonus on both the no-drug baseline test and the drug baseline 
test were approximately equal for each group. 

Tolerance-Development Phase 

The tolerance-development phase of the experiments began 
48 h after the drug baseline test. There were 10 bidaily toler- 
ance-development trials in each experiment. On each tolerance- 
development trial, the rats from the drug-before-stimulation groups 
received CBZ (CBZ-Before-Stimulation, n =  11), DZP (DZP- 
Before-Stimulation, n =  11), or VPA (VPA-Before-Stimulation, 
n = 10) 1 h before each stimulation. The rats from the drug-af- 
ter-stimulation groups received CBZ (CBZ-After-Stimulation, 
n =  10), DZP (DZP-After-Stimulation, n =  12), or VPA (VPA- 
After-Stimulation, n = 10) 1 h after each stimulation. The rats in 
the respective vehicle control groups (CBZ-Control, n = 10; DZP- 
Control, n = 8; or VPA-Control, n =  9) received a vehicle injec- 
tion 1 h before or 1 h after each stimulation. Because the timing 
of the vehicle injection had no detectable effect, the before and 
after vehicle control groups in each experiment were combined 
into a single control group. 

Drug Tolerance Test 

In each of the three experiments, the drug tolerance test oc- 
curred 48 h after the last tolerance-development trial. The drug 
tolerance test in each experiment was identical to the drug base- 
line test; every rat in each experiment received the appropriate 
drug, CBZ, DZP, or VPA, 1 h before a convulsive stimulation. 

Histology 

Following the experiments, the subjects were sacrificed in a 
CO 2 chamber, and their brains were removed and sectioned to 
permit histological verification of the electrode sites. 
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Statistical Analyses 

Nonparametric techniques (42) were used to assess the statis- 
tical significance of the results because the total lack of variabil- 
ity of the data in some conditions precluded the use of parametric 
statistics. Wilcoxon Signed-Ranks tests were used to assess the 
statistical significance of the within-subject differences (p<0.05, 
one-tailed); Kolmogorov-Smirnov tests were used to assess the 
statistical significance of between-group differences (p<0.05, 
two-tailed). 

RESULTS 

In each experiment, contingent convulsive stimulation played 
a key role in the development of tolerance; these results are il- 
lustrated in the three panels of Fig. 1. The test doses of CBZ 
(Panel A), DZP (Panel B), and VPA (Panel C) totally suppressed 
forelimb clonus on the drug baseline tests; the mean duration of 
forelimb clonus on the drug baseline test was zero or virtually 
zero for every rat in each of the three experiments. Then, over 
the course of the 10 tolerance-development trials, the rats in each 
of the three drug-before-stimulation groups gradually developed 
tolerance to the anticonvulsant effect. In contrast, there was no 
evidence of tolerance in any of the three drug-after-stimulation 
groups or in the three vehicle control groups. 

Statistical analyses confirmed the significance of these differ- 
ences. Wilcoxon Signed-Ranks tests confirmed that there was 
significantly more forelimb clonus on the drug tolerance test than 
on the drug baseline test for each of the three drug-before-stim- 
ulation groups (p<0.01). In contrast, there were no statistically 
significant changes in the duration of forelimb clonus between 
the drug baseline test and the drug tolerance test for any of the 
drug-after-stimulation groups (p>0.05) or any of the vehicle 
control groups (p>0.05). Kolmogorov-Smirnov tests provided 
further evidence that tolerance developed only in the three drug- 
before-stimulation groups. There were no statistically significant 
differences among the drug-before-stimulation, drug-after-stimu- 
lation, or vehicle control groups on the drug baseline test in any 
of the three experiments (p>0.05). In contrast, Kolmogorov- 
Smirnov tests performed on the drug tolerance test results re- 
vealed a significant difference between the drug-before-stimulation 
groups and the corresponding drug-after-stimulation and vehicle 
control groups in all three experiments (CBZ, p<0.001;  DZP, 
p<0.001; VPA, p<0.003).  

Histological analysis revealed that all of the electrode tips 
were in or near the amygdala, with the majority lying within the 
basolateral nucleus. 

DISCUSSION 

The results of the present experiments establish that the ad- 
ministration of convulsive stimulation during periods of drug ex- 
posure can play an important role in the development of tolerance 
to the anticonvulsant effects of CBZ, DZP, and VPA. In each 
of the three experiments, considerable tolerance developed to the 
anticonvulsant effects in subjects that received convulsive stimu- 
lation during each bidaily period of drug exposure, but no toler- 
ance whatsoever developed in subjects receiving the same series 
of bidaily injections if they were stimulated before, rather than 
after, each injection. 

The magnitude of the tolerance effect, the periodic schedule 
of drug exposure, and the fact that the development of tolerance 
to the anticonvulsant effects of CBZ, DZP, and VPA was con- 
tingent upon the delivery of convulsive stimulation during the 
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FIG. 1. Contingent tolerance to the anticonvulsant effects of carbam- 
azepine (Panel A), diazepam (Panel B), and sodium valproate (Panel C) 
on kindled convulsions elicited in rats by amygdala stimulation. On the 
no-drug baseline test (NB), the stimulation elicited about 45 s of fore- 
limb clonus; on the drug baseline test (DB), each of the drugs exerted a 
potent anticonvulsant effect; and on the drug tolerance test (T), the rats 
in the drug-before-stimulation groups displayed tolerance, but those in 
the drug-after-stimulation and vehicle control groups did not. 

periods of drug exposure all argue that a functional Change in 
the nervous system, and not a dispositional change was respon- 
sible for the development of tolerance. Moreover, these results 
support the view that functional drug tolerance is a response to 
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a drug's effect on a particular pattern of activity in the nervous 
system, and not an inevitable consequence of drug exposure. 
According to the drug-effect theory of tolerance [e.g., (32,35)], 
functional drug tolerance develops to only those drug effects that 
are repeatedly manifested. In some instances, tolerance will de- 
velop to a drug's effect upon the basal activity of the nervous 
system; consequently, tolerance will develop to these effects 
without the nervous system becoming involved in any particular 
pattern of activity. In other instances, however, the expression 
of a drug effect may be contingent upon a particular pattern of 
activity in the nervous system during the periods of drug expo- 
sure [see (43), p. 290 for a similar idea expressed at the level of 
the GABA/benzodiazepine receptor complex]. The development 
of tolerance to the anticonvulsant effect of CBZ, DZP, and VPA 
administered on a bidaily basis appears to be such an instance: 
tolerance developed only when the anticonvulsant effects were 
repeatedly expressed, that is, only when convulsive stimulation 
was administered during the periods of drug exposure. 

The present demonstration that convulsive stimulation can 
play a key role in the development of tolerance to the anticon- 
vulsant effects of CBZ, DZP, and VPA does not imply that 
convulsive stimulation is a critical factor in all instances of tol- 
erance to the anticonvulsant effects of these drugs. In fact, tol- 
erance has been demonstrated to the anticonvulsant effects of 
many drugs, including both CBZ (14) and DZP (39), in the ab- 
sence of contingent convulsive stimulation [see (13)]. We be- 
lieve that the induction of tolerance to anticonvulsant drug 
effects in the absence of contingent convulsive stimulation re- 
quires a lengthy period of continuous or near continuous drug 
exposure. It has been emphasized by several authors [e.g., (13)] 
that a schedule of regular, frequent injections (e.g., one every 8 
h) is more likely to produce tolerance to anticonvulsant drug ef- 
fects than is a schedule of regular, infrequent injections (e.g., 
one every 48 h). Although tolerance to bidaily injections did not 
develop in the present experiment in the absence of contingent 
convulsive stimulation, we have demonstrated that tolerance to 
the anticonvulsant effects of both ethanol and DZP can develop 
in the absence of contingent convulsive stimulation when these 
drugs are administered more frequently (26,27). 

The present experiments constitute the first demonstrations of 
contingent tolerance to commonly prescribed antiepilepic drugs. 
The consistency and magnitude of the effect of contingent con- 
vulsive stimulation on the development of tolerance to the anti- 
convulsant effects of CBZ, DZP, and VPA suggest that the 
occurrence of seizure activity in epileptic patients undergoing 
drug therapy might facilitate the development of tolerance. How- 
ever, caution must be used in drawing inferences about toler- 
ance to the effects of chronic drug exposure on spontaneously 
recurring seizures in human patients from studies of tolerance to 
the effects of bidaily injections on elicited convulsions in rats. 
There is no direct evidence that the development of tolerance to 
the anticonvulsant effects of antiepileptic drugs in human pa- 
tients is influenced by either the type or the severity of concur- 
rent seizures (45). Moreover, it has been shown that elicited- 
kindled convulsions and spontaneous convulsions in kindled rats 
can respond differently to antiepileptic drugs (30). 

Tolerance appeared to develop more slowly and to a lesser 
degree in the VPA-before-stimulation group than in the CBZ- 
before-stimulation and DZP-before-stimulation groups. However, 
this difference must be interpreted with caution: the drugs were 
studied in different experiments, no effort was made to insure 
that their doses were equipotential, and different routes of drug 
administration were employed; the purpose of these experiments 
was not to compare the rates of tolerance development. How- 
ever, the observation of weak tolerance effects to VPA is con- 

sistent with several previous observations [e.g., (25,47)], and it 
thus may reflect some fundamental property of VPA. 

There have been several attempts to provide a theoretical ac- 
count of contingent tolerance. The most widely recognized is the 
reinforcement-density model of contingent tolerance [e.g., (7- 
9)]. This model is based upon the observation that tolerance to a 
drug's behavioral effects often develops when the initial effect 
of the drug causes a loss of reinforcement. The key assertion of 
this model is that tolerance to a drug's effects emerges as the 
drug recipient develops behavioral strategies to compensate for 
the drug effects that are responsible for the loss of reinforce- 
ment. Although the reinforcement-density model of contingent 
tolerance has provided a useful framework for understanding in- 
stances of contingent tolerance that involve an obvious decrease 
in positive reinforcement [e.g., (4-6, 8)] or an increase in nega- 
tive reinforcement [e.g., (22)], it is not useful as an explanation 
of instances of contingent tolerance that do not involve an obvi- 
ous reinforcement mechanism. This would include instances of 
contingent tolerance to the analgesic effects of ethanol [e.g., 
(17)] or morphine [e.g., (1)] in spinally transected rats; contin- 
gent tolerance to ethanol's effects on the decay of posttetanic 
potentiation in the abdominal ganglia of the marine mollusc Ap- 
lysia (44); and contingent tolerance to anticonvulsant drug ef- 
fects as described in the present paper [see also (28,31)]. 

We (24) have proposed an alternative to the reinforcement- 
density model of contingent drug tolerance that is based upon 
widespread evidence of activity-dependent change throughout the 
nervous system. "Coincidence of activity may be the basic al- 
gorithm of activity-dependent changes in excitatory circuitry" 
[(3); p. 290]. Coincidence of activity amongst neural elements 
has been shown to be involved in the plasticity of neural sys- 
tems as diverse as the hippocampus [e.g., (46)], the visual cor- 
tex [e.g., (41)], and the neuromuscular junction [e.g., (21)]. 
Given the importance of activity-dependent change throughout 
the nervous system, we propose that coincidence between neural 
activity and drug exposure may play a similar role in the devel- 
opment of pharmacologic tolerance. For example, it is possible 
that pharmacologic tolerance to the anticonvulsant effects of a 
drug like diazepam may develop when both GABA and diaz- 
epam concurrently bind to their respective sites on the GABA/ 
benzodiazepine complex while neurons possessing these receptor 
complexes are active. When the cooccupation of the GABA-A 
and benzodiazepine receptors occurs while the neurons are en- 
gaged in seizure activity, a relatively more permanent change 
may occur (perhaps as the result of repeated depolarization of 
the neural membrane while the GABA-A and benzodiazepine 
receptors are occupied) and contingent tolerance may develop to 
diazepam's anticonvulsant effect. 

At this point, such an activity-dependent model of drug tol- 
erance is nothing more than conjecture. However, it does offer 
an alternative to the reinforcement-density model of contingent 
tolerance that may be more likely to explain instances of contin- 
gent tolerance that do not involve reinforcement processes. In 
addition, the literature on activity-dependent change in other 
forms of neural plasticity offers a rich physiological framework 
from which to begin the task of studying the relation between 
contingent tolerance and pharmacologic tolerance, something 
that is lacking in the reinforcement-density model. 
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