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KIM, C. K., J. P. J. PINEL, S. DALAL, T. E. KIPPIN, L. E. KALYNCHUK AND G. J. PAYNE. Contingenr drug 
tolerance: Differential tolerance to the anticonvulsant. hypothermic, and ataric effects of ethanol. PHARMACOL BIO- 
CHEM BEHAV 52(3) 531-539, 1995.-The kindled-convulsion model of epilepsy was used to study contingent tolerance to 
ethanol’s (1.5 g/kg; IP) anticonvulsant, hypothermic, and ataxic effects in adult male rats. In the present experiments, three 
groups of amygdala-kindled rats received a series of bidaily (one every 48 h) convulsive stimulations: one group received 
ethanol 1 h before each stimulation; one group received ethanol 1 h after each stimulation; and another group served as the 
saline control. Tolerance to ethanol’s anticonvulsant effect (Experiments 1 and 2) was greatest in those rats that received 
ethanol before each convulsive stimulation; whereas, tolerance to ethanol’s hypothermic (Experiments 1 and 2) and ataxic 
(Experiments 2) effects developed in both groups that received ethanol. These results were predicted on the basis of the 
drug-effect theory of drug tolerance: the theory that functional drug tolerance is an adaptation to the disruptive effects of 
drugs on concurrent patterns of neural activity, not to drug exposure per se. 
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ACCORDING to the drug-effect theory of drug tolerance [see 
(22,24)], functional tolerance is an adaptation to the disrup- 
tive effects of drugs on concurrent patterns of neural activity, 
rather than to drug exposure per se. One prediction of this 
drug-effect theory is that the development of functional toler- 
ance to a particular drug effect will be contingent on the ex- 
pression of that drug effect during periods of drug exposure. 

The strongest support for the drug-effect theory has come 
from experiments that have used the before-and-after design 
(13). In such experiments, there are two key groups: the sub- 
jects in one group receive the drug before they perform the 
criterion response on each tolerance-development trial; the 
subjects in the other group do not receive the drug until after 
they have performed the criterion response on each trial. Al- 
though the subjects in both these groups receive the same 
number, dose, and schedule of drug injections and the same 
number of opportunities to perform the criterion response, 

tolerance to the criterion effect is typically greater in the group 
that received the drug before the criterion response on each 
tolerance-development trial. According to the drug-effect the- 
ory, greater tolerance is observed in this group because the 
effect of the drug on the performance of the criterion response 
was repeatedly experienced [see (5,7,30)]. 

In one line of experiments supporting the drug-effect the- 
ory, Pine1 and his colleagues (12,15,21) found that tolerance 
developed to the anticonvulsant effects of carbamazepine, di- 
azepam, valproate, pentobarbital, or ethanol in amygdala- 
kindled rats when the drug was delivered 1 h before each of a 
series of convulsive stimulations, but not when it was delivered 
1 h after. Similarly, tolerance to the anorexigenic effects of 
amphetamine (2), cocaine (31), or quipazine (27) has been 
shown to be facilitated by allowing the subjects to eat while 
drugged; tolerance to the disruptive effects of ethanol on maze 
and treadmill running has been shown to be facilitated by 
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allowing the subjects to perform these tasks in the drugged 
state (3,14,29); and tolerance to the adipsic effect of scopol- 
amine was facilitated by allowing the subjects to drink during 
periods of drug exposure (25) [see (5,7,30) for review]. Exam- 
ples of drug tolerance whose development is dependent on the 
occurrence of the criterion response during the periods of drug 
exposure are commonly referred to as contingent drug toler- 
ance (2). 

These findings challenge the implicit assumption that drug 
exposure is both necessary and sufficient for the development 
of functional drug tolerance. Instead, these findings suggest 
that functional drug tolerance, like other kinds of neural ad- 
aptation, is a reaction to the disruption of co-occurring pat- 
terns of neural activity. This theoretical perspective of func- 
tional drug tolerance offers an explanation for a puzzling 
feature of drug tolerance: the fact that tolerance can develop 
to some effects of a drug while at the same time not develop 
to other effects of the same drug in the same subjects. The 
drug-effect theory suggests that tolerance will be facilitated to 
effects of a drug that are repeatedly manifested. The purpose 
of the present experiments was to provide further support for 
the drug-effect theory by showing that within the same sub- 
ject, tolerance can develop to an effect of a drug that has been 
repeatedly manifested, while at the same time not develop to 
another effect of the same drug that has not been repeatedly 
manifested. 

In the present study, two experimental groups of amyg- 
dala-kindled (6) rats received bidaily (one every 48 h) injec- 
tions of ethanol. In each experiment, the before-and-after 
experimental design (13) was utilized: the rats in one experi- 
mental group received each ethanol injection 1 h before a 
convulsive stimulation, whereas the rats in the other experi- 
mental group received each ethanol injection 1 h after a con- 
vulsive stimulation. On the tolerance test, the rats in both of 
these groups, as well as those in a saline control group, re- 
ceived tests of ethanol’s anticonvulsant, hypothermic, and 
ataxic effects. On the basis of the drug-effect theory, we hy- 
pothesized that tolerance to the anticonvulsant effect of etha- 
nol would be greatest in those rats that received the convulsive 
stimulation in the drugged state; whereas, tolerance to the 
hypothermic and ataxic effects of ethanol would develop in 
both groups that received ethanol. These hypotheses were pre- 
dicted on a fundamental difference between the anticonvul- 
sant effect of ethanol on one hand and the ataxic and hypo- 
thermic effects of ethanol on the other: anticonvulsant drug 
effects can be manifested only in the presence of convulsive 
activity, whereas ataxic and hypothermic drug effects are in- 
variably manifested in freely moving subjects maintained at 
normal room temperature. 

Experiment 1 examined the anticonvulsant and hypother- 
mic effects of ethanol. Experiment 2 not only replicated Ex- 
periment 1, but extended the findings to include ethanol’s 
ataxic effect, and allowed for the evaluation of the interaction 
between stress and ethanol on the measure of hypothermia. 
Stress by itself can have a hyperthermic effect, but in conjunc- 
tion with ethanol it can potentiate the hypothermic effect of 
ethanol (4,18). 

GENERAL METHOD 

Subjects and Surgery 

The subjects were adult male, 350-450 g, Long-Evans rats 
obtained from Charles River (Canada). A single bipolar elec- 
trode (Plastic Products Co., MS-303-2) was implanted in each 
subject by conventional stereotaxic surgery under pentobarbi- 

tal anesthesia (Somnotal@; Maple Leaf Food Inc.; 45 mg/kg, 
IP). The target was the left amygdala: 2.8 mm posterior, 5.0 
mm lateral, and 8.7 mm ventral to the skull surface at bregma, 
with the incisor bar set at - 3.3 mm [coordinates from (17)]. 
The electrode was held in place with stainless steel screws and 
dental acrylic. Each rat was allowed to recover for at least 7 
days before the start of the experiment. The rats were individ- 
ually housed in standard stainless steel mesh cages, with con- 
tinuous access to standard rat chow and water. The colony 
room had controlled temperature (21 *C) and lighting (lights 
on 0700-1900 h). All experimental manipulations occurred 
in the colony room at approximately the same time (+ 2 h) 
each experimental day during the light phase of the daily 
light : dark cycle. 

Injections 

In both experiments, the dose of ethanol was 1.5 g/kg in a 
25% v/v solution of isotonic saline. This dose had been shown 
to suppress kindled convulsions, and tolerance had been 
shown to rapidly develop to this anticonvulsant effect [e.g., 
(11,19,21)]. All injections of ethanol and the isotonic saline 
vehicle were delivered in a volume of 7.5 ml/kg, IP. 

Kindling Phase 

After at least 7 days of postsurgical recovery, amygdala 
stimulation (400 pA, 60 Hz, 1 s) was delivered to each subject 
three times per day, five times per week for 3 weeks, with at 
least 2 h between consecutive stimulations. The typical re- 
sponse to the initial stimulations was a brief period of behav- 
ioral arrest, but by the end of the kindling phase, each stimula- 
tion elicited a stereotypical generalized clonic convulsion. The 
measures of convulsion severity were the duration of forelimb 
clonus and the convulsion class. The convulsion classes were 
characterized by the following [see (23,26)]: 1 -facial clonus, 
2 -head nodding, 3 - forelimb clonus, 4 -rearing, 5 -loss of 
equilibrium, and 6 -multiple sequences of rearing and loss of 
equilibrium. Each convulsion class includes the characteristics 
of the preceding classes. These measures have been shown to 
be reliable, easy to quantify, and to respond systematically to 
pharmacological manipulations [e.g., (9,11,20)]. 

Experimental Treatments 

The procedures of Experiments 1 and 2 differed in several 
respects; however, there were many similarities. In both exper- 
iments, 48 h after the kindling phase, the following occurred: 
baseline phase-which established the stability of the convul- 
sive activity in each rat; saline baseline test-which established 
the nondrug response to saline of each rat on the dependent 
measures; ethanol baseline test-which established the initial 
response of each rat to ethanol on the dependent measures; 
tolerance-development phase-in which the subjects were di- 
vided into the various treatment groups and received the ap- 
propriate treatments; and tolerance test-which was identical 
to the ethanol baseline test and established the final response 
of each rat to ethanol on the dependent measures. During the 
baseline phase, a bidaily (one every 48 h) schedule of convul- 
sive stimulations was initiated and maintained for the duration 
of each experiment. 

Histology 

Following each experiment, all rats were sacrificed with 
C02, and their brains were removed and preserved in forma- 
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lin. Frozen coronal sections, approximately 30 pm thick, were 
stained with cresyl violet and examined to confirm the location 
of the electrode tips. 

Statistical Analysb 

The statistical significance of the between-group differ- 
ences on the tolerance test was assessed using separate one- 
way analyses of variance (ANOVA; p < 0.05) for each depen- 
dent measure, followed by Tukey post hoc tests (p < 0.05). 
Because we predicted the direction of differences between the 
groups, post hoc tests were one tailed. Only the data of those 
rats that completed the entire experiment were included in the 
statistical analysis. 

EXPERIMENT 1 

Tolerance to ethanol’s anticonvulsant and hypothermic ef- 
fects was assessed in kindled rats that had received 15 bidaily 
injections of ethanol, each administered either 1 h before or 1 
h after a convulsive stimulation. We hypothesized that toler- 
ance to the anticonvulsant effect of ethanol would be greatest 
in those rats that received ethanol before each convulsive stim- 
ulation, but that tolerance to its hypothermic effect would 
develop in both groups that received ethanol. 

Method 

Of the 44 rats that began the study, 3 did not kindle and 
were not studied further. 

Baseline phase. This phase comprised 10 bidaily stimula- 
tions, beginning 48 h following the final stimulation of the 
kindling phase. Rectal body temperature was measured prior 
to each stimulation to habituate the rats to the procedure. On 
the last two trials, the rats received a saline injection followed 
1 h later by the measurement of body temperature and then a 
convulsive stimulation. This allowed the rats to habituate to 
the stress caused by the injection procedure. 

Saline baseline test. This occurred 48 h after the final trial 
of the baseline phase. Each rat received a saline injection fol- 
lowed 1 h later by measurement of body temperature and then 
a convulsive stimulation. One rat did not meet the a priori 
criterion of at least 20 s of forelimb clonus and was, thus, 
eliminated from further study. 

Ethanol baseline test. This was administered 48 h after the 
saline baseline test. It was identical to the saline baseline test 
except that ethanol was injected rather than saline: each rat 
received an ethanol injection followed 1 h later by measure- 
ment of body temperature and then a convulsive stimulation. 

Tolerance-development phase. This commenced 48 h after 
the ethanol baseline test and comprised 15 bidaily trials. The 
rats were divided into three groups: the ethanol-before- 
stimulation group received ethanol 1 h before the stimulation; 
the ethanol-after-stimulation group received ethanol 1 h after 
the stimulation; and the saline-before-stimulation group re- 
ceived saline 1 h before the stimulation. The rats were divided 
into the three groups, equated for forelimb clonus durations, 
convulsion classes, and body temperatures on the saline base- 
line and drug baseline tests. During this phase, six rats were 
eliminated from further study because they became ill or re- 
jected their electrode assemblies. 

Tolerance test. This occurred 48 h after the last tolerance- 
development trial. It was identical to the ethanol baseline test: 
each rat received an ethanol injection followed 1 h later by 
measurements of its body temperature and then its convulsive 
response. Of the 44 rats that began the study, 34 completed it: 

ethanol-before-stimulation group (n = lo), ethanol-after- 
stimulation group (n = 1 l), and saline-before-stimulation 
group (n = 13). 

Results 

Figure 1 shows the mean forelimb clonus durations and 
the mean convulsion classes of the three groups on the saline 
baseline test, the ethanol baseline test, and the tolerance test. 
On the saline baseline test, the convulsive stimulation elicited 
generalized convulsions in all subjects. On the ethanol baseline 
test, there was almost total suppression of the convulsions in 
response to the ethanol injection. On the tolerance test, only 
the ethanol-before-stimulation rats displayed tolerance to eth- 
anol’s anticonvulsant effect: the ANOVAs performed on the 
forelimb clonus duration, F(2, 31) = 75.6, p c 0.001, and 
convulsion class, F(2, 31) = 91.2, p < 0.001, data were both 
statistically significant. Tukey post hoc tests indicated that 
the ethanol-before-stimulation group displayed significantly 
longer and more severe convulsions than the ethanol-after- 
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Baseline Baseline Tolerance 

Test Test Test 

FIG. 1. The mean forelimb clonus durations (A) and mean convul- 
sion classes (B) on the saline baseline test, the ethanol baseline test, 
and the tolerance test for the three groups. On the tolerance test, 
the ethanol-before-stimulation group displayed significantly longer 
forelimb clonus durations and greater convulsion classes than the eth- 
anol-after-stimulation and saline-before-stimulation groups @ < 
0.05); the latter two groups did not differ significantly from each 
other on either measure (p > 0.0s). 
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stimulation and saline-before-stimulation groups (p < 0.05); 
the latter two groups did not differ significantly from one 
another in terms of either measure (p > 0.05). 

Figure 2 shows the mean body temperatures of the three 
groups on the saline baseline test, the ethanol baseline test, 
and the tolerance test. There was a large drop in body temper- 
ature between the saline baseline and ethanol baseline tests in 
response to the ethanol injection. On the tolerance test, both 
the ethanol-before-stimulation and ethanol-after-stimulation 
groups displayed tolerance to the hypothermic effect of etha- 
nol: the ANOVA was statistically significant, F(2, 31) = 9.4, 
p < 0.001. Tukey tests revealed that both the ethanol-before- 
stimulation and ethanol-after-stimulation groups displayed 
significantly higher temperatures than the saline-before-stim- 
ulation group (p < 0.05), and that the two ethanol groups 
did not differ significantly from each other (p > 0.05). 

Histological analysis confirmed that all of the electrode 
tips had been positioned in or near the margins of the amyg- 
dala complex (Fig. 3). 

Discussion 

The experimental hypotheses were confirmed: tolerance to 
the anticonvulsant effect of ethanol was greatest in the group 
that received ethanol before each convulsive stimulation, 
whereas tolerance to the hypothermic effect of ethanol devel- 
oped in both groups that received ethanol. 

Although the difference was not statistically significant, 
the ethanol-before-stimulation rats displayed more tolerance 
to the hypothermic effect of ethanol than did the ethanol- 
after-stimulation rats (see Fig. 2)-a trend that is contrary to 
our expectation that the level of tolerance to the hypothermic 
effect would be the same in these two groups. This trend may 
have reflected pure statistical error, but it is possible that it 
reflected the confounding effects of stress. Stress can potenti- 
ate the hypothermic effect of ethanol (4,18); thus, the sug- 

Ethanol-Before-Stim 

Ethanol-After-Stim 

Saline-Before-Stim 

T 

lkl 
Saline Ethanol Ethanol 

Baseline Baseline Tolerance 

Test Test Test 

FIG. 2. The mean body temperatures on the saline baseline test, the 
ethanol baseline test, and the tolerance test for the three groups. On 
the tolerance test, the ethanol-before-stimulation and ethanol-after- 
stimufation groups displayed significantly higher body temperatures 
than the saline-before-stimulation group (p < 0.05); the two ethanol 
groups did not differ significantly from each other (p > 0.05). 
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gested difference could have resulted from a difference in the 
stressfulness of the tolerance test injection procedure for the 
two groups. It is possible that the injection procedure was 
more stressful for the ethanol-after-stimulation rats on the 
tolerance test because during the preceding 15 tolerance- 
development trials they had received their injections after the 
stimulation, rather than before. 

EXPERIMENT 2 

The purpose of Experiment 2 was to provide further sup- 
port for the drug-effect theory of tolerance: a) by confirming 
the findings of Experiment 1, b) by extending the findings 
of Experiment 1 to include ethanol’s ataxic effect, and c) by 
eliminating the potential stress confound in the measurement 
of ethanol’s hypothermic effect. The potential stress confound 
was eliminated by delivering injections both 1 h before and 1 
h after each convulsive stimulation to all subjects during the 
10 tolerance-development trials. The ethanol-before-stimula- 
tion subjects received ethanol before and saline after; the etha- 
nol-after-stimulation subjects received saline before and etha- 
nol after; and the saline-control subjects received saline both 
before and after. It was hypothesized that tolerance to the 
anticonvulsant effect of ethanol would be greatest in rats that 
received ethanol before each convulsive stimulation, and that 
tolerance to the hypothermic and ataxic effects of ethanol 
would develop in both ethanol groups. 

Method 

Of the 50 rats that began the experiment, 6 rats did not 
reach the baseline phase because they rejected their electrode 
assemblies or did not kindle. 

Baseline phase. This phase comprised four bidaily stimula- 
tions. 

Saline baseline test. Each rat received a saline injection 
followed 5 min later by the measurement of ataxia, and I h 
later by the measurement of body temperature and then a 
convulsive stimulation. Ataxia was assessed by placing each 
rat onto a flat surface and rating them on a five-point scale: 
O-unconscious; 1 -conscious but incapable of ambulation; 
2-gross disturbance in gait, creeps along on belly, can easily 
push over; 3-clear but moderate disturbance in gait, stum- 
bles, can push over; 4-slight disturbance in gait, cannot push 
over, less reactive than normal, body feels slack when held; 
5--normal. This measure was used because pilot studies had 
shown it to be sensitive enough to distinguish between drug 
states at the doses employed in the present study. Six rats did 
not meet the a priori criterion of at least 20 s of forelimb 
clonus on the saline baseline test and were not studied further. 

Ethanol baseline test. This was identical to the saline base- 
line test except that ethanol was injected rather than saline: 
each rat received an ethanol injection followed 5 min later by 
the measurement of ataxia, and 1 h later by the measurement 
of body temperature and then a convulsive stimulation. 

Tolerance-developmentphase. Each subject received 10 bi- 
daily tolerance-development trials. On each trial, two injec- 
tions were delivered- 1 h before, and 1 h after a convulsive 
stimulation. The rats were divided into three groups: the etha- 
nol-before-stimulation group received ethanol before the stim- 
ulation and saline after; the ethanol-after-stimulation group 
received saline before and ethanol after; and the saline-control 
group received saline both before and after. The rats were 
divided into the three groups on the basis of the forelimb 
clonus durations, convulsion classes, body temperatures, and 
ataxia measures on the saline baseline and ethanol baseline 
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-3.8 

-3.3 

FIG. 3. Electrode placements of the 34 rats that completed Experiment 1. The numbers refer to mm posterior to bregma 
[coordinates from (17)]. 

tests. During this phase, three rats became ill and were not 
studied further. 

Tolerance test. This was identical to the ethanol baseline 
test: every rat received an ethanol injection followed 5 min 

later by a test of ataxia, and 1 h later by tests of hypothermia 
and then anticonvulsant activity. The experimenter was blind 
to the experimental condition of each rat. Of the 50 rats that 
began the study, 35 completed it: ethanol-before-stimulation 
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group (n = 12), ethanol-after-stimulation group (n = ll), 
and saline-control group (n = 12). 

Results 

Figure 4 illustrates the mean forelimb clonus durations and 
mean convulsion classes of the three groups on the saline base- 
line test, the ethanol baseline test, and the tolerance test. Tol- 
erance to the anticonvulsant effect of ethanol was greatest in 
the ethanol-before-stimulation group: on the tolerance test, 
the ANOVAs were statistically significant for forelimb clonus 
duration, F(2, 32) = 26.2, p < 0.001, and convulsion class, 
F(2, 32) = 40.2, p < 0.001. Tukey tests revealed that the eth- 
anol-before-stimulation group displayed significantly longer 
and more severe convulsions than the ethanol-after-stimula- 
tion and saline-control groups (p < 0.05); the latter two 
groups did not differ significantly from each other on either 
measure (p > 0.05). 
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FIG. 5. The mean body temperatures on the saline baseline test, the 
ethanol baseline test, and the tolerance test for the three groups. On 
the tolerance test, the ethanol-before-stimulation and ethanol-after- 
stimulation groups displayed significantly higher body temperatures 
than the saline-control group (p < 0.05); the two ethanol groups did 
not differ significantly from each other (p > 0.05). 

Figure 5 illustrates the mean body temperatures of the three 
groups on the saline baseline test, the ethanol baseline test, 
and the tolerance test. Significant tolerance developed to the 
hypothermic effect of ethanol in both ethanol groups. The 
ANOVA on the tolerance test hypothermia data was statisti- 
cally significant, F(2, 32) = 4.8, p < 0.015, and Tukey tests 
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0 Ethanol-After-Stim 
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Saline Ethanol Ethanol 
Baseline Baseline Tolerance 

Test Test Test 

FIG. 4. The mean forelimb clonus durations (A) and mean convul- 
sion classes (B) on the saline baseline test, the ethanol baseline test, 
and the tolerance test for the three groups. On the tolerance test, 
the ethanol-before-stimulation group displayed significantly longer 
forelimb clonus durations and greater convulsion classes than the eth- 
anol-after-stimulation and saline-control groups (p < 0.05); the lat- 
ter two groups did not differ significantly from each other on either 
measure (p > 0.05). 

Saline Ethanol Ethanol 
Baseline Baseline Tolerance 

Test Test Test 

FIG. 6. The mean ataxia scores on the saline baseline test, the etha- 
nol baseline test, and the tolerance test for the three groups. On the 
tolerance test, the ethanol-before-stimulation and ethanol-after- 
stimulation groups displayed significantly less ataxia than the saline- 
control group (p < 0.05); the two ethanol groups did not differ sig- 
nificantly from each other (p > 0.05). Ataxia was assessed using a 
five-point rating scale: O-unconscious; 1 -conscious but incapable 
of ambulation; 2-gross disturbance in gait, creeps along on belly, 
can easily push over; 3 -clear but moderate disturbance in gait, stum- 
bles, can push over; 4-slight disturbance in gait, cannot push over, 
less reactive than normal, body feels slack when held; 5 -normal. 
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revealed that both ethanol groups differed significantly from Figure 6 shows the mean ataxia scores of the three groups 

the saline-control group (p < 0.05), but not from one another on the saline baseline test, the ethanol baseline test, and the 

(p > 0.05). tolerance test. Significant tolerance developed to the ataxic 

-3.8 

FIG. 7. Electrode placements of the 35 rats that completed Experiment 2. The numbers refer to mm posterior to bregma 
[coordinates from (I 7)]. 
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effect of ethanol in both ethanol groups. The ANOVA on the 
tolerance test ataxia data was statistically significant, F(2, 32) 
= 5.2, p < 0.011, and Tukey tests revealed that the ethanol 
groups differed significantly from the saline-control group 
(p < 0.05), but not from one another (p > 0.05). 

Histological analysis confirmed that all of the electrode 
tips had been positioned in or near the margins of the amyg- 
dala complex (Fig. 7). 

Discussion 

The experimental hypotheses were confirmed: tolerance to 
the anticonvulsant effect of ethanol was greatest in rats that 
received ethanol before each convulsive stimulation, whereas 
tolerance developed to the hypothermic and ataxic effects of 
ethanol in both groups that received ethanol. In Experiment 
1, there was a suggestion, albeit a statistically nonsignificant 
one, that the mean body temperature of the ethanol-before- 
stimulation group was higher than that of the ethanol-after- 
stimulation group- the possible result of a stress confound. 
To eliminate the possible confounding effects of stress on the 
hypothermic effect of ethanol in Experiment 2, all subjects 
received injections both before and after each convulsive stim- 
ulation on the tolerance-development trials. As can be seen in 
Fig. 4, there was no suggestion of differences in the degree 
of tolerance to ethanol’s anticonvulsant effect between the 
ethanol-before-stimulation and ethanol-after-stimulation groups 
of Experiment 2. 

A comparison of the degree of tolerance to ethanol-in- 
duced hypothermia in Experiment 1 (Fig. 2) and Experiment 2 
(Fig. 5) shows greater tolerance in Experiment 1. The greater 
tolerance in Experiment 1 than in Experiment 2 may result 
from the greater number of tolerance-development trials in 
Experiment 1 (15 vs. 10 trials). Because these were two sepa- 
rate experiments with numerous differences in methodology, 
a direct comparison of the results is not possible. 

GENERAL DISCUSSION 

The results of the present experiments confirmed the exper- 
imental hypotheses. Tolerance to ethanol’s anticonvulsant ef- 
fect on amygdala-kindled convulsions was greatest in those 
rats that received ethanol before each convulsive stimulation 
during the tolerance-development trials (Experiments 1 and 
2). In contrast, tolerance to ethanol’s hypothermic (Experi- 
ments 1 and 2) and ataxic (Experiment 2) effects developed in 
both groups that received ethanol-the ethanol-before-stimu- 
lation and ethanol-after-stimulation groups. Thus, these re- 
sults demonstrated differential tolerance to ethanol’s anticon- 
vulsant effect and to ethanol’s hypothermic and ataxic effects 
within the same subject. Despite the same regimen of ethanol 
administrations and convulsive stimulations, the ethanol- 
before-stimulation group displayed significant tolerance to 
ethanol’s anticonvulsant, hypothermic, and ataxic effects, 
whereas, the ethanol-after-stimulation group displayed signifi- 
cant tolerance to ethanol’s hypothermic and ataxic effects 
only. 

These results were predicted on the basis of the drug-effect 
theory of drug tolerance [see (22,24)]. The drug-effect theory 
is that functional drug tolerance is an adaptation to the disrup- 
tive effects of drugs on concurrent patterns of neural activity, 
rather than to drug exposure per se. The main tenet of this 
view is that functional tolerance to a particular effect of a 
drug is a reaction to the repeated expression of that drug 
effect. It then follows that tolerance can develop indepen- 

dently to the different effects of a drug within the same sub- 
ject, depending on whether a particular drug effect was repeat- 
edly expressed or not. Accordingly, we predicted that the etha- 
nol-before-stimulation rats would display the most tolerance 
to the anticonvulsant effect of ethanol because they ex- 
perienced the effect of ethanol on convulsive neural activity 
on each tolerance-development trial; and that the ethanol- 
after-stimulation rats would not become tolerant to the 
anticonvulsant effect of ethanol because they did not experi- 
ence ethanol’s anticonvulsant effect on each tolerance- 
development trial. In contrast, we predicted that both etha- 
nol groups would become tolerant to the hypothermic and 
ataxic effects of ethanol because these effects would normally 
be experienced on each tolerance-development trial in freely 
moving subjects maintained at normal room temperature, 
whether or not convulsive stimulation was administered dur- 
ing drug exposure. 

The present results are compatible with those of Woods 
and his colleagues. In one study (16), they administered etha- 
nol to rats either before or after practice on a treadmill task. 
Tolerance to the ataxic effect of ethanol developed in only 
those rats that were allowed to practice the treadmill in the 
drugged state, whereas tolerance to the hypothermic effect of 
ethanol developed in all rats that received ethanol. In another 
study (8), some rats were injected with ethanol and placed in a 
heated environment so that the hypothermic effect of ethanol 
was not experienced, and others were injected and kept at 
room temperature so that the hypothermic effect was experi- 
enced. All rats, whether they were allowed to experience the 
hypothermic effect or not, were allowed to practice on the 
treadmill task in the drugged state. Tolerance developed to the 
hypothermic effect of ethanol in only those rats that experi- 
enced the hypothermic effect, whereas all rats developed toler- 
ance to the ataxic effect of ethanol. These results, like those 
of the present experiments, indicate that it is the expression of 
the drug effect that is critical for the development of tolerance 
to that effect, not merely drug exposure. 

In this study, tolerance developed to the ataxic effect of 
ethanol in both groups that received ethanol. This is in con- 
trast to previous studies in which tolerance to the ataxic effect 
of ethanol measured by such tasks as treadmill or maze run- 
ning (3,14,16,29) was found to be greater in those subjects 
that were allowed to practice the task under the influence of 
ethanol. In the present study, the general nonspecific ataxia 
was automatically experienced by all subjects injected with 
ethanol. By allowing the subjects to move freely in their home 
cages during the periods of drug exposure, they were practic- 
ing the task, and no other specific condition was necessary for 
this ataxic effect to be manifested. Thus, all subjects that 
received ethanol displayed tolerance to the ataxic effect when 
measured in this way. However, with tasks such as treadmill 
or maze running, access to the apparatus during the periods 
of intoxication is required for the subjects to practice. Under 
these conditions, tolerance develops more quickly in subjects 
allowed to practice the task in the drugged state. 

According to the drug-effect theory, functional drug toler- 
ance is a type of neural adaptation, and, hence, the study of 
drug tolerance can benefit from a consideration of this con- 
text. A case in point is the discovery that co-occurrence of 
activity in presynaptic and postsynaptic neurons is the funda- 
mental causal factor in a variety of different forms of associa- 
tive neural plasticity [see (1,10,28)] - this is known as Hebb’s 
postulate for learning. The results of the present experiments 
and other studies of contingent drug tolerance make a similar 



CONTINGENT DRUG TOLERANCE 539 

point: that the development of tolerance to a particular drug 
effect depends on the co-occurrence of the patterns of neural 
activity underlying the criterion response and the drug effects 
that disrupt them. From this perspective, it is clear that a 
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