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(2) 511–519, 1998.—Motor im-
pairment (tilt-plane test) test was used to assess the phenomenon of rapid tolerance and crosstolerance to benzodiazepines,
barbiturates, and ethanol. The motor impairment responses to benzodiazepines (chlordiazepoxide and diazepam) and to var-
ious barbiturates (pentobarbital, phenobarbital, and barbital) were significantly reduced on day 2 in rats that had been
treated on day 1 with benzodiazepines and barbiturates, respectively, compared to the control group treated with saline on
day 1. Benzodiazepine treatment on day 1 resulted in rapid crosstolerance to the motor impairment effects of ethanol on day
2. Benzodiazepine treatment, however, did not result in rapid crosstolerance to the three barbiturates (pentobarbital, bar-
bital, and phenobarbital) tested. In contrast to the lack of rapid crosstolerance to barbiturates after treatment with benzodiaz-
epines, barbiturate treatment clearly conferred rapid crosstolerance to benzodiazepines and to ethanol. This asymmetry of
rapid crosstolerance raises the possibility that benzodiazepines and barbiturates invoke tolerance by mechanisms that are not
wholly identical. Therefore, tolerance to the broad range of actions of barbiturates would include crosstolerance to the effects
of benzodiazepines, whereas tolerance to benzodiazepines would include only a weak or partial crosstolerance to some of the
effects of barbiturates. © 1998 Elsevier Science Inc.

 

Rapid tolerance Crosstolerance Barbiturates Benzodiazepines Ethanol

 

CROSSTOLERANCE among ethanol, barbiturates, and ben-
zodiazepines is generally assumed, but in fact is not docu-
mented unequivocally. Chan (5) and Khanna and Mayer (25)
have reviewed both the clinical and animal studies on cross-
tolerance between benzodiazepine and other sedative-hyp-
notic drugs, and have found apparently contradictory evi-
dence from different investigators. Although most studies do
provide some indication of crosstolerance to benzodiazepines
after chronic intake of ethanol (7,19,33,35), there is disagree-
ment among investigators as to whether or not chronic benzo-
diazepine treatment confers crosstolerance to ethanol and
other sedative-hypnotics. Cesare and McKearney (4) reported
lack of crosstolerance to pentobarbital in pigeons treated
chronically with chlordiazepoxide and tested on a food-rein-
forced task with either FI or FR schedules. Rosenberg et al.
(37) also reported that chronic treatment with flurazepam

produced a high degree of tolerance to diazepam-induced
ataxia, but a much smaller degree of crosstolerance to ethanol
and pentobarbital.

Chan et al. (6) found that chronic ingestion of ethanol by
mice, which produced tolerance to ethanol on four different
tests, led to a comparable degree of crosstolerance to chlor-
diazepoxide (CDP) on the hypothermia and horizontal dowel
tests, partial crosstolerance on the runway test, and no cross-
tolerance on the head-dipping test. Gent et al. (13) observed
crosstolerance between the anticonvulsant effects of all the
benzodiazepines, but not between those of benzodiazepines and
phenobarbital. In a recent study by Wolffgramm et al. (39),
chronic administration of diazepam to mice induced tolerance
to diazepam on a series of tests of motor coordination, body
temperature, and locomotion, but produced a sensitization to
secobarbital-induced motor incoordination, and chronic ad-
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ministration of secobarbital sensitized the mice to the sedative
and hypothermic effects of acute diazepam.

In contrast to these studies, Lê et al. (33) reported that
chronic treatment of rats with chlordiazepoxide conferred full
crosstolerance to ethanol and pentobarbital. Similarly, Mc-
Millan and Leander (34) reported symmetrical crosstolerance
between chlordiazepoxide and pentobarbital in rats, with re-
spect to the rate-decreasing effects of these drugs on unpun-
ished responding for food on a fixed-interval schedule. In
drug discrimination studies (2) lorazepam-trained rats did not
show generalization to pentobarbital initially, but after
chronic treatment with pentobarbital at doses that produce
tolerance to pentobarbital they did show lorazepam-like re-
sponding to pentobarbital.

Recently, a rapid tolerance model (20,21) similar to that
described by Crabbe et al. (9) was used to investigate rapid
tolerance to ethanol and pentobarbital and crosstolerance be-
tween them. Our results on rapid crosstolerance mimicked the
results obtained by us and others in chronic tolerance and
crosstolerance studies reported earlier (14,24), and suggested
that rapid tolerance and crosstolerance can be used as predic-
tors of chronic tolerance and crosstolerance. Chan et al. (7)
also reported a similar degree of rapid crosstolerance to chlor-
diazepoxide in mice pretreated with ethanol 24 h earlier com-
pared to mice chronically treated with ethanol on a liquid diet
for 15 days. Surprisingly, chlordiazepoxide-pretreated mice
(30 mg/kg; 24 h earlier) did not show rapid crosstolerance to
ethanol. These authors concluded that different rates of toler-
ance development or different mechanisms of actions be-
tween chlordiazepoxide and ethanol, rather than differences
in initial dosage between ethanol and chlordiazepoxide, may
explain these findings.

Recently, we compared rapid crosstolerance to various
benzodiazepines after an acute administration of ethanol with
the results obtained after chronic ethanol treatment (21). Our
findings on rapid crosstolerance showed good agreement with
such studies on chronic crosstolerance. Because we examined
crosstolerance in only one direction (i.e., crosstolerance to
benzodiazepines following acute or chronic ethanol treatment),
and there is not complete agreement on crosstolerance to eth-
anol following benzodiazepine treatment, it is important to re-
examine this issue and compare crosstolerance in both direc-
tions. It remained to be determined whether drugs such as
barbiturates also show crosstolerance to benzodiazepines and
display a similar or different profile than ethanol.

 

METHOD

 

Animals

 

Male Sprague–Dawley rats obtained from Charles River
Canada, Ltd. (Montreal, Quebec) had initial body weights of
175–200 g. They were individually housed in a colony room
maintained at 21 
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C, with lights on from 0700–1900 h. Wa-
ter was available at all times. Purina Rat Chow was given ad
lib for 1 week. Thereafter, the daily ration was restricted and
individually adjusted to maintain comparable body weights in
the various groups.

 

Test Procedures

 

The tilt-plane test was used as a measure of motor impair-
ment (1). The apparatus consists of a plane hinged at one end,
around which it can be inclined at a fixed angular velocity
through a range of 55

 

8

 

 above the horizontal. The animal was
placed on the slightly roughened surface of the plane, which

was then tilted until the animal began to slide from the start-
ing position. The test measure used was the angle at which
this sliding occurred. The sliding angle was measured before
and 30, 60, and 90 min after the IP injection of ethanol (E) or
various other drugs. The degree of postdrug ataxia was ex-
pressed as the percentage change in the sliding angle, com-
pared to the predrug value for the same animal. Maximum
impairment, regardless of the time of its occurrence, was em-
ployed as the measure of E or drug effect. This generally oc-
curred about 30–60 min after injection of all the drugs except
phenobarbital and barbital, which produced their peak effects
at 60–90 min.

 

Statistical Methods

 

Results in the various experiments were analyzed by one-,
two-, or three-way ANOVA as required, using the GLM-
ANOVA program in the NCSS statistical package for PCs.
Post hoc comparisons were carried out by the Newman–Keuls
range test.

 

EXPERIMENTAL PROCEDURE AND RESULTS

 

Experiment 1: Effect of Different Day 1 Treatment Doses of 
Chlordiazepoxide (CDP) on Rapid Tolerance 
Development to CDP

 

Thirty-two rats were randomly divided into four equal
groups (

 

n

 

 

 

5

 

 8). On day 1, one group was injected IP with sa-
line (S), while the other groups received 9, 13, or 18.5 mg/kg
CDP, respectively. Before the injections and at successive 30-
min intervals up to 90 min after CDP or S, the degree of mo-
tor impairment was assessed (tilt-plane test) in all animals. At
120 min after the initial injections, each animal was given an
identical second dose of CDP or S, respectively, to make a to-
tal day 1 dose of 18, 26, or 37 mg/kg CDP or only S. This pro-
cedure of giving CDP in two doses rather than as one single
dose was employed because preliminary experiments (26) had
shown that (a) a total dose of 37 mg/kg was sufficient to pro-
duce rapid tolerance on day 2, and (b) we wanted to determine
the dose–response curve for CDP on day 1 and use a dose in
the linear part of the dose–reponse curve to test rapid toler-
ance on day 2. Rats were then returned to their home cages.
On the basis of the day 1 responses, 18.5 mg/kg CDP was se-
lected as the day 2 dose for testing rapid tolerance in all rats.

The results of this experiment are shown in Fig. 1a. The day
1 maximum percent impairment values were subjected to a
multiple regression analysis. There was a positive correlation
(

 

r

 

 

 

5

 

 0.6102) for log dose vs. maximum percent impairment.
This was confirmed by a one-way ANOVA, which showed a
significant effect of dose, 

 

F

 

(1, 22) 

 

5

 

 13.05, 

 

p

 

 

 

,

 

 0.002. The day 2
maximum percent impairment values, after injection of 18.5
mg/kg CDP in all groups, showed a decreasing response in in-
verse proportion to the day 1 dose. A one-way ANOVA again
showed a significant main effect of groups, 

 

F

 

(3, 28) 

 

5

 

 8.15, 

 

p

 

 

 

,

 

0.0005. The post hoc Newman–Keuls range test showed that
the control group had significantly higher (

 

p

 

 

 

,

 

 0.05) maximum
percent impairment than the 26 and 37 mg/kg CDP day 1 dose
groups. There were no other significant intergroup differences.
These results suggested that only the 26 and 37 mg/kg CDP-
treated groups developed rapid tolerance to CDP.

 

Experiment 2: Effect of Different Day 1 Treatment Doses of 
Diazepam (DZ) on Rapid Tolerance Development to DZ

 

Forty-eight rats were randomly divided into four equal
groups (

 

n

 

 

 

5

 

 12). On day 1 one group was injected IP with sa-
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line (S), while the other groups received 1.5, 2.1, or 3.0 mg/kg
diazepam (D), respectively. Before injections and at succes-
sive 30-min intervals up to 90 min after D or S injections, the
degree of motor impairment was assessed in all animals. At
120 min after the initial injections all animals were given sup-
plementary IP doses of either S or D 1.5, 4.3, or 10.6 mg/kg re-
spectively, to make day 1 total doses of 3.0, 6.4, or 13.6 mg/kg
D. Rats were then returned to their home cages. On day 2 all
rats were challenged with 2.9 mg/kg D to assess rapid toler-
ance to D.

The results of this experiment are shown in Fig. 1b. The
day 1 maximum percent impairment values were subjected to
a multiple regression analysis. There was a positive correla-
tion (

 

r

 

 

 

5

 

 0.5365) for log dose vs. maximum percent impair-
ment. One-way ANOVA showed a significant effect of groups,

 

F

 

(1, 34) 

 

5

 

 8.89, 

 

p

 

 

 

,

 

 0.007. These results confirmed that there
was a good dose–response effect for day 1 DZ doses. The day
2 maximum percent impairment values were also subjected to

one-way ANOVA. The main effect of groups was again sig-
nificant, 

 

F

 

(3, 44) 

 

5

 

 9.83, 

 

p

 

 

 

,

 

 0.0001. The post hoc Newman–
Keuls range test showed that the control group had signfi-
cantly (

 

p

 

 

 

,

 

 0.05) higher maximum percent impairment than
the 6.4 and 13.6 mg/kg DZ dose groups. These results sug-
gested that treatment with the two higher doses of DZ on day
1 resulted in rapid tolerance to DZ on day 2.

 

Experiment 3: Effect of Different Day 1 Treatment Doses of 
Pentobarbital (P) on Rapid Tolerance Development to P

 

Forty rats were randomly divided into five equal groups
(

 

n

 

 

 

5

 

 8). On day 1, one group was injected IP with saline (S),
while the other groups received 13.5, 17.5, 23, or 30 mg/kg IP
pentobarbital (P), respectively. Before the S or P injections
and at successive 30-min intervals up to 90 min after that, the
degree of motor impairment was assessed in all animals. At
120 min after the initial injections all animals were given an
identical second dose of S or P, respectively, to make total day 1
doses of 27, 35, 46, or 60 mg/kg of P. Rats were then returned
to their home cages. On the basis of the regression line for
doses vs. maximum percent impairment responses on day 1,
23 mg/kg P was selected as the day 2 test dose for rapid toler-
ance testing in all rats.

The results of this experiment are shown in Fig. 2a. The
day 1 maximum percent impairment values were subjected to
a multiple regression analysis. There was a positive correla-
tion (

 

r

 

 

 

5

 

 0.6611) for log dose vs. maximum percent impair-
ment. One-way ANOVA also showed a very significant effect
of groups, 

 

F

 

(1, 30) 

 

5

 

 23.29, 

 

p

 

 

 

,

 

 0.001. The day 2 maximum
percent impairment values after a dose of P (23 mg/kg in all
groups) were also subjected to one-way ANOVA. There was
again a significant main effect of groups, 

 

F

 

(4, 34) 

 

5

 

 4.39, 

 

p

 

 

 

,

 

0.0057. The post hoc Newman–Keuls range test showed that
the control group had significantly (

 

p

 

 

 

,

 

 0.05) higher maxi-
mum percent impairment than the 46 and 60 mg/kg P dose
groups, but did not differ from the lower dose groups. These
results suggested that only the groups treated with P 46 and 60
mg/kg on day 1 showed rapid tolerance to P on day 2.

 

Experiment 4: Effect of Different Day 1 Treatment Doses of 
Barbital (B) on Rapid Tolerance Development to B

 

Thirty-two rats were randomly divided into four equal
groups (

 

n

 

 

 

5

 

 8). On day 1 one group was injected IP with sa-
line (S), while the other groups received barbital (B) 80, 100,
or 125 mg/kg IP, respectively. Before the S or B injections and
at successive 30-min intervals up to 120 min after them, the
degree of motor impairment was assessed in all animals. Rats
were then returned to their home cages. Because of the long
half-life of B, no supplementary posttest doses were given. On
the basis of the regression line for day 1 doses vs. maximum
percent impairment responses, 100 mg/kg B was selected as
the day 2 dose for rapid tolerance test in all groups. On day 2,
an identical procedure was followed.

The results of this experiment are shown in Fig. 2b. A mul-
tiple regression analysis showed a strong positive correlation
(0.8268) for log dose vs. maximum percent impairment on day 1.
One-way ANOVA showed a very significant effect of groups,

 

F

 

(1, 22) 

 

5

 

 47.54, 

 

p

 

 

 

,

 

 0.001. These results showed a good
dose–response relationship for day 1 B doses. The day 2 max-
imum percent impairment values, after a dose of B 100 mg/kg
in all groups, were subjected to one-way ANOVA, which
again showed a significant main effect of groups, 

 

F

 

(3, 28) 

 

5

 

5.91, 

 

p

 

 

 

,

 

 0.003. The post hoc Newman–Keuls range test
showed that the control group had significantly (

 

p

 

 

 

,

 

 0.05)

FIG. 1. (a) Effect of three different treatment doses of chlor-
diazepoxide (CDP) on the development of rapid tolerance on day 2.
Maximum percentage impairment (tilt-plane test) in rats given on
day 1 saline, S (open column), CDP1 (9 mg/kg; dotted column), CDP2
(13 mg/kg; shaded column), or CDP3 (18.5 mg/kg; striped column).
Rapid tolerance to CDP (18.5 mg/kg; IP) was assessed in groups on
day 2. Results shown are means 6 SEM (n 5 8 animals per group).
(b) Effect of three different treatment doses of diazepam (DZ) on the
development of rapid tolerance on day 2. Maximum percentage
impairment (tilt-plane test) in rats given on day 1 saline, S (open
column), DZ1 (1.5 mg/kg; dotted column), DZ2 (2.1 mg/kg; solid
column), or DZ3 (3.0 mg/kg; striped column). Rapid tolerance to DZ
(2.9 mg/kg; IP) was assessed in groups on day 2. Results shown are
means 6 SEM (n 5 8 animals per group).
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higher maximum percent impairment than all three B dose
groups. These results indicated that all B dose groups had de-
veloped rapid tolerance to B.

 

Experiment 5: Effect of Different Day 1 Treatment Doses of 
Phenobarbital (Ph) on Rapid Tolerance Development to Ph

 

Thirty-two rats were randomly divided into four equal
groups (

 

n

 

 

 

5

 

 8). On day 1, one group was injected IP with sa-
line (S), while the other groups received phenobarbital (Ph)
in doses of 50, 75, or 112 mg/kg, respectively. Before the injec-
tions and at successive 30-min intervals up to 120 min after,
the degree of motor impairment was assessed in all animals.
Rats were then returned to their home cages. No supplemen-
tary dose of Ph was given at the end of the test. On the basis
of the regression line for day 1 doses vs. maximum percent im-
pairment responses, 80 mg/kg Ph was selected as the day 2
dose for rapid tolerance test in all groups. The procedure was
identical to that followed on day 1.

The results of this experiment are shown in Fig. 2c. A mul-
tiple regression analysis for day 1 values showed a strong pos-
itive linear correlation (

 

r

 

 

 

5 

 

0.9251) for log dose vs. maximum
percent impairment. One-way ANOVA also showed a very
significant effect for groups, 

 

F

 

(1, 22) 

 

5

 

 130.65, 

 

p

 

 

 

,

 

 0.001, indi-
cating a good dose–response relationship for Ph on day 1. The
maximum percent impairment value on day 2, after a Ph dose
of 80 mg/kg in all groups, were subjected to a one-way
ANOVA, which showed a significant main effect of groups,

 

F

 

(3, 28) 

 

5

 

 4.02, 

 

p

 

 

 

,

 

 0.017. The post hoc Newman–Keuls
range test showed that the control group had a significantly
(

 

p

 

 

 

,

 

 0.05) higher maximum percent impairment score than
the 112 mg Ph day 1 dose group, but did not differ signifi-
cantly from the other dose groups. These results suggested
that only the group treated with 112 mg/kg on day 1 devel-
oped rapid tolerance to Ph.

 

Experiment 6: Rapid Crosstolerance From Benzodiazepines 
to Ethanol

 

Twenty-four rats were randomly divided into three equal
groups (

 

n

 

 

 

5

 

 8). On day 1 one group was injected with CDP
(26 mg/kg, IP), one group was injected with DZ (6.4 mg/kg,
IP) and one group was injected with saline. Before the injec-
tions and at 30, 60, and 90 min after them the degree of motor
impairment was assessed in all animals. Rats were then re-
turned to their home cages. In other ongoing studies in which
CDP was given as a single dose (26 mg/kg) rather than in two
doses of 13 mg/kg each on day 1, the extent of tolerance on
day 2 produced by the single dose on day 1 was similar to that
resulting from the divided doses. Similar results were previ-
ously reported with ethanol. Therefore, we administered the
entire dose on day 1 as a single injection for all crosstolerance
studies. On day 2, an identical procedure was followed after a
challenge dose of E (2.3 g/kg, IP) in all three groups to test for
rapid crosstolerance to E. The test dose of E was selected to
give responses in the middle portion of the E dose–response
curve as determined in previous studies in this laboratory
(20,21).

On day 1 rats injected with CDP or DZ showed their ex-
pected motor impairment responses (Fig. 3 ). The day 2 maxi-
mum percent impairment values after a challenge dose of E
were also subjected to a one-way ANOVA. The main effect
of group was significant, 

 

F

 

(2, 21) 

 

5

 

 15.62, 

 

p

 

 

 

,

 

 0.0001. The
post hoc Newman–Keuls range test showed that the S-E
group was significantly (

 

p

 

 

 

,

 

 0.05) different from the CDP-E
and DZ-E groups. These results indicate that both CDP and

FIG. 2. (a) Effect of four different treatment doses of pentobarbital
(P) on the development of rapid tolerance on day 2. Maximum
percentage impairment (tilt-plane test) in rats given on day 1 saline,
S (open column), P1 (13.5 mg/kg; dotted column), P2 (17.5 mg/kg;
solid column), or P3 (23 mg/kg; striped), or P4 (30 mg/kg; horizontal
striped column). Rapid tolerance to P (23 mg/kg; IP) was assessed in
groups on day 2. Results shown are means 6 SEM (n 5 8 animals per
group). (b) Effect of three different treatment doses of barbital (B)
on the development of rapid tolerance on day 2. Maximum
percentage impairment (tilt-plane test) in rats given on day 1 saline;
S (open column), B1 (80 mg/kg; dotted column), B2 (100 mg/kg; solid
column), or B3 (125 mg/kg; striped column). Rapid tolerance to B
(100 mg/kg; IP) was assessed in groups on day 2. Results shown are
means 6 SEM (n 5 8 animals per group). (c) Effect of three different
treatment doses of phenobarbital (Ph) on the development of rapid
tolerance on day 2. Maximum percentage impairment (tilt-plane test)
in rats given on day 1 saline, S (open column), Ph1 (50 mg/kg; dotted
column), Ph2 (75 mg/kg; solid column) or Ph3 (112 mg/kg; striped
column). Rapid tolerance to Ph (80 mg/kg; IP) was assessed in groups
on day 2. Results shown are means 6 SEM (n 5 8 animals per
group).
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DZ treatment on day 1 resulted in crosstolerance to the motor
impairing effects of E on day 2.

 

Experiment 7: Rapid Crosstolerance From Benzodiazepines 
to Barbiturates

 

Forty-eight rats were randomly divided into six equal
groups (

 

n

 

 

 

5

 

 8). On day 1, three groups were injected with
CDP (26 mg/kg, IP) and the other three groups were injected
with saline (S). Before the injections and at 30, 60, and 90 min
after them the degree of motor impairment was assessed in all
animals. Rats were then returned to their home cages. On day
2, an identical procedure was followed, except that one S and
one CDP day 1 group were challenged with either P (23 mg/
kg), B (100 mg/kg), or Ph (80 mg/kg) to test for rapid crosstol-
erance development. A separate batch of 48 animals was in-
jected with S or DZ (6.4 mg/kg, IP) on day 1 and the rest of
the day 1 and day 2 procedures and drug doses employed
were identical to those described above, to test for crosstoler-
ance development to barbiturates.

The results for the CDP experiment are shown in Fig. 4,
and those for the DZ experiment in Fig. 5. On day 1 rats in-
jected with CDP (Fig. 4) or DZ (Fig. 5) showed their expected
motor impairment responses. The day 2 maximum percent
impairment values after challenge doses of the different bar-
biturates were subjected to one-way ANOVA comparisons
between the control group (that had received S on day 1) and
the benzodiazepine-treated group. The ANOVA results for
the crosstolerance test from CDP to P, 

 

F

 

(1, 14) 

 

5

 

 1.84, 

 

p .
0.197, to B, F(1, 14) 5 0.77, p . 0.396, and to Ph, F(1, 14) 5
0.00, p . 0.985, were not significant (Fig. 4). The ANOVA re-
sults for crosstolerance for DZ to P, F(1, 14) 5 0.73, p .
0.406, B, F(1, 14) 5 0.74, p . 0.405, and Ph, F(1, 14) 5 0.55,
p . 0.471, were also not significant (Fig. 5). These results
show that there was no rapid crosstolerance development
from benzodiazepines (CDP and DZ) to the different barbitu-
rates at the doses employed here.

Experiment 8: Rapid Crosstolerance From Barbiturates 
to Ethanol (E)

Thirty-two rats were randomly divided into four equal
groups (n 5 8). On day 1, each group was injected IP with ei-

ther saline (S), P (23 mg/kg), B (125 mg/kg), or Ph (112 mg/
kg). Before the injections and at 30, 60, and 90 min after them,
the degree of motor impairment was assessed in all animals.
At 120 min after the initial P injections a second dose of P (23
mg/kg) was given to rats receiving P, but the other drug
groups (B and Ph) did not receive any additional injections.
Rats were then returned to their home cages. On day 2, an
identical procedure was followed except that all animals re-
ceived a challenge dose of E (2.3 g/kg) to test for rapid cross
tolerance to E.

The results of this experiment are shown in Fig. 6 . On day 1
rats injected with different barbiturates showed their ex-
pected motor impairment responses. The day 2 maximum per-
cent impairment values after a challenge dose of E were sub-
jected to a one-way ANOVA. The main effect of group was

FIG. 3. Rapid crosstolerance from chlordiazepoxide (CDP) and
diazepam (DZ) to ethanol (E). Maximum percentage impairment
(tilt-plane test) in rats given on day 1 saline, S (open column) or CDP
(26 mg/kg; dotted column) or DZ (6.4 mg/kg; solid column). Rapid
crosstolerance to E (2.3 g/kg; IP) was assessed in all groups on day 2.
Results shown are means 6 SEM (n 5 8 animals per group).

FIG. 4. Rapid crosstolerance from CDP to barbiturates. Maximum
percentage impairment (tilt-plane test) in rats given on day 1 saline,
S (open column) or CDP (26 mg/kg). Rapid crosstolerance to
pentobarbital (P, 23 mg/kg; striped column), barbital (B, 100 mg/kg;
dotted column), or phenobarbital (Ph, 80 mg/kg; solid column) was
assessed in all groups on day 2. Results shown are means 6 SEM) n 5
8 animals per group).

FIG. 5. Rapid crosstolerance from DZ to barbiturates. Maximum
percentage impairment (tilt-plane test) in rats given on day 1 saline,
S (open column) or DZ (6.4 mg/kg). Rapid crosstolerance to
pentobarbital (P, 23 mg/kg; striped column), barbital (B, 100 mg/kg;
dotted column), or phenobarbital (Ph, 80 mg/kg; solid column) was
assessed in all groups on day 2. Results shown are means 6 SEM
(n 5 8 animals per group).
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significant, F(3, 28) 5 14.37, p , 0.0001. The post hoc New-
man–Keuls range test showed that the S-E group differed sig-
nificantly (p , 0.05) from all the barbiturate pretreated
groups (P-E, B-E, and Ph-E). These results suggest that day 1
treatment with all three barbiturates resulted in crosstoler-
ance to the motor-impairing effects of E.

Experiment 9: Rapid Crosstolerance From Barbiturates 
to Benzodiazepines

For these studies a procedure identical to that used in ex-
periment 8 was followed on day 1 in two separate batches of
32 animals each. On day 2 one batch was challenged with
CDP (16 mg/kg, IP) and the other batch was challenged with
DZ (2.9 mg/kg, IP) to test for rapid crosstolerance to benzodi-
azepines. The results are shown in Figs. 7 and 8, respectively.

On day 1, rats injected with different barbiturates showed
their expected motor-impairment responses (Figs. 7 and 8).
The day 2 maximum percent impairment values after a chal-
lenge dose of CDP (Fig. 7) were subjected to a one-way
ANOVA. The main effect of group was significant, F(3, 28) 5
14.55, p , 0.001. The post hoc Newman–Keuls range test
showed that the S-CDP group was significantly (p , 0.05) dif-
ferent from all three barbiturate-treated groups (P-CDP,
B-CDP, and Ph-CDP). Similarly, a one-way ANOVA of the
day 2 results in the DZ experiment (Fig. 8) showed a signifi-
cant main effect of group, F(3, 28) 5 25.39, p , 0.001. The
post hoc Newman–Keuls range test showed that the S-D
group was significantly different from all three barbiturate-
treated groups (P-DZ, B-DZ, and Ph-DZ). These results sug-
gest that all three barbiturates (P, B, Ph) produced crosstoler-
ance to the motor-impairing effects of CDP and of DZ.

DISCUSSION

The results of these studies show that treatment with either
CDP or DZ resulted in rapid crosstolerance to the motor-
impairment effects of ethanol. These results confirm and ex-
tend our previous observations of rapid crosstolerance to eth-
anol after treatment with benzodiazepines (26). In other stud-
ies, we and others have reported clear evidence of rapid and

chronic crosstolerance to benzodiazepines after ethanol treat-
ment (7,19,21,33,35). In contrast to these findings with etha-
nol, treatment with either CDP or DZ failed to produce rapid
crosstolerance to the three barbiturates (pentobarbital, bar-
bital, and phenobarbital) tested.

Various explanations must be considered for these differ-
ences in crosstolerance, including possible pharmacokinetic as
well as pharmacodynamic explanations. Both diazepam and
chlordiazepoxide have active metabolites that need to be con-
sidered in studies of this nature. Among the pharmacokinetic
factors to be considered are the elimination t1/2 values for the
various drugs studied, and the possibility of enzyme induction
by the day 1 treatment doses. Most of the drugs tested are
known to have short t1/2 for both the parent compounds and
their active metabolites. Numerous studies have shown a
mean t1/2 of 0.9–1.15 h for diazepam and 39 min to 1.66 h for

FIG. 6. Rapid crosstolerance from barbiturates to ethanol. Max-
imum percentage impairment (tilt-plane test) in rats given on day 1
saline, S (open column), P (23 mg/kg; striped column), B (125 mg/kg;
dotted column), or Ph (112 mg/kg; solid column). Rapid crosstoler-
ance to E (2.3 g/kg; IP) was assessed in all groups on day 2. Results
shown are means 6 SEM (n 5 8 animals per group).

FIG. 7. Rapid crosstolerance from barbiturates to chlordiazepoxide.
Maximum percentage impairment (tilt-plane test) in rats given on
day 1 saline, S (open column), P (23 mg/kg; striped column), B (125
mg/kg; dotted column), or Ph (112 mg/kg; solid column). Rapid
crosstolerance to CDP (16 mg/kg; IP) was assessed in all groups on
day 2. Results shown are means 6 SEM (n 5 8 animals per group).

FIG. 8. Rapid crosstolerance from barbiturates to diazepam. Maxi-
mum percentage impairment (tilt-plane test) in rats given on day 1
saline, S (open column), P (23 mg/kg; striped column), B (125 mg/kg;
dotted column), or Ph (112 mg/kg; solid column). Rapid crosstoler-
ance to DZ (2.9 mg/kg; IP) was assessed in all groups on day 2.
Results shown are means 6 SEM (n 5 8 animals per group).
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desmethyldiazepam (10,12,28). Chlordiazepoxide has a t1/2of
about 4 h in the rat (29). Pentobarbital also has a short t1/2 of
less than an hour in the rat (17,23,38). Therefore, no residual
amount of any of these drugs from the day 1 doses would have
been present to contribute to the measured effect on day 2.

In contrast, the longer acting barbiturates barbital and
phenobarbital have t1/2 values in the rat of about 13 h (11,18).
Thus, significant residual amounts of these two barbiturates
could well have been present on day 2 and contributed to the
measured impairment. Despite this, rapid tolerance was
clearly seen to both of these barbiturates, as well as crosstol-
erance between them and ethanol, diazepam, and chlordiaz-
epoxide. Moreover, for each of these drugs the degree of
crosstolerance produced by pentobarbital was very similar to
that produced by barbital or phenobarbital (Figs. 6–8). Simi-
larly, neither diazepam (t1/2 5 l h) nor chlordiazepoxide (t1/2 5
4 h) produced crosstolerance to any of the barbiturates (Fig. 4
and 5), although they produced good tolerance to themselves
(Fig. l) and crosstolerance to ethanol (Fig. 3). Thus, t1/2 does
not appear to be a significant factor in relation to rapid toler-
ance and crosstolerance.

With respect to the possibility of induction of biotrans-
forming enzymes, there is virtual unanimity in the literature
that induction does not occur under our experimental condi-
tions. Much larger single doses of benzodiazepines did not
cause induction of metabolism of the benzodiazepines them-
selves (16,30), of ethanol (26), nor of barbiturates and other
drugs (3,15). Ethanol given on day 1 in the rapid tolerance
paradigm was previously shown to have no effect on the blood
levels of ethanol itself (20,27) and even chronic ethanol treat-
ment at a dose of 5 g/kg by gavage did not alter the elimina-
tion of any of the three barbiturates (22). A single dose of
pentobarbital on day 1 did not act as an inducer for the day 2
metabolism of either pentobarbital or ethanol (20,21). Finally,
even phenobarbital, which is a potent inducer of cytochrome
P450, caused only negligible increase in the metabolism of
hexobarbital 24 h after a single dose of 80 mg/kg (36).

All of the foregoing data on t1/2, and on the lack of signifi-
cant induction by single doses of these drugs, are fully consis-
tent with previous demonstrations that rapid tolerance in the
present paradigm is not pharmacokinetic in nature (7–
9,20,21,27).

Another potential explanation for the differences in cross-
tolerance described above, which could also be dependent on
pharmacokinetic factors, involves differences in the speed of
onset and duration of action of various drugs. A drug with
slow onset and long duration of action might not be effective
in producing rapid crosstolerance to a drug with rapid onset
and short duration of action, especially if conditioning of drug-
related stimuli is an important mechanism of tolerance. How-
ever, the present findings do not offer much support for this
suggestion. Pentobarbital, phenobarbital, and diazepam all
produced their maximum effects within 30 min, yet pentobar-
bital and phenobarbital produced crosstolerance to diazepam,
whereas diazepam did not produce crosstolerance to either of
these barbiturates. Similarly, both barbital and chlordiazep-
oxide produced their peak effect at 60 min, yet there was
crosstolerance from barbital to chlordiazepoxide but not from
chlordiazepoxide to barbital. Finally, ethanol produced its
peak effects at 30 min, yet there was crosstolerance in both di-
rections between ethanol and all of the other drugs tested.

With respect to possible pharmacodynamic explanations
for the asymmetry of crosstolerance, one possibility is that be-
cause the day 1 doses of the various drugs did not all produce
the same magnitude of impairment, they might have consti-

tuted differing stimuli to the production of tolerance. Again,
the data are not supportive of such an explanation. For exam-
ple, the respective doses of barbital, pentobarbital, and chlor-
diazepoxide (Figs. 4 and 7) on day 1 produced closely similar
degrees of effect (25, 27, and 23, respectively), yet both of the
barbiturates produced crosstolerance in the ethanol experi-
ments (Figs. 6–8) and marked crosstolerance to chlordiazep-
oxide, whereas the reverse did not occur. Conversely, diaz-
epam and phenobarbital, in the doses used, give markedly
different magnitudes of response on day 1 (22 and 34, respec-
tively), yet they produced identical degrees of crosstolerance
to ethanol.

Thus, neither the speed of onset, magnitude of day 1 effect,
nor the t1/2 of the drug can explain the asymmetry of crosstol-
erance seen here and in earlier chronic studies (14,24). How-
ever, it is not yet possible to rule out an influence of total area
under the curve (AUC) of drug effect vs. time. The present
data are insufficient to permit calculation of the AUC because
testing on day 1 was limited to 2 h, and a second dose was
given for the short-acting drugs without subsequent testing.
To answer this question, specially designed experiments will
be required.

Our results on lack of crosstolerance to barbiturates after
benzodiazepine treatment are in agreement with other obser-
vations in the literature (4,37,39), described in the introduc-
tory paragraphs. However, Lê et al. (33) reported crosstoler-
ance both to ethanol and to pentobarbital in rats treated with
chlordiazepoxide. Although the results of the latter study may
appear contradictory to those of other reports and to the
present findings, Lê et al. (33) used highly learned tasks such
as the moving belt test and shuttle-box test, and the animals
were given frequent opportunities to practice the tasks while
under the influence of the various drugs, because the experi-
mental design included much repeated testing. It is highly
likely that the contribution of learning in that study could
have accounted for crosstolerance; the presence or absence of
crosstolerance between ethanol and pentobarbital (31) or eth-
anol and hydralazine (32) was previously found to depend on
whether opportunities for either operant or associative learn-
ing were provided.

A similar explanation may possibly account for most of the
apparent disagreements in the literature. The two studies that
demonstrated clear crosstolerance from benzodiazepines to
pentobarbital (2,34) used experimental designs and tech-
niques that provided repeated (daily) opportunities for task
performance under the influence of the treatment drug, so
that the learning factor in tolerance would have been very
strong. Studies that found very little or no crosstolerance from
benzodiazepines to pentobarbital (13,37) used experimental
designs that presented no opportunity for learning, because
each animal was tested only once, and only under a single
drug. Chan et al. (7) used an experimental design that did not
include repeat testing, but found crosstolerance on those tests
in which the drug effects bear the greatest resemblance to the
effects that would be experienced in the home cage, and little
or no crosstolerance in those tests for which home-cage drug
experience could not provide analogous learning. The most
difficult observations to explain are those of Cesare and Mc-
Kearney (4), whose experimental design offered daily oppor-
tunities for learning to perform under drug, yet still revealed
no crosstolerance from a benzodiazepine to pentobarbital.

Treatment with barbiturates resulted in crosstolerance
both to benzodiazepines (CDP as well as DZ) and to ethanol,
yet benzodiazepine treatment resulted in crosstolerance only
to ethanol and not to barbiturates. This asymmetry of cross-
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tolerance between benzodiazepines and barbiturates is not
unlike the asymmetry we reported on crosstolerance between
ethanol and pentobarbital (14), i.e., lack of tolerance to pen-
tobarbital after ethanol treatment and clear evidence of toler-
ance to ethanol after pentobarbital treatment (24). We have
suggested that the asymmetry between ethanol and pentobar-
bital could be due to ethanol effects being a subset of a larger
range of actions exerted by pentobarbital, so that pentobar-
bital pretreatment could generate a stronger stimulus to the

development of crosstolerance to ethanol than vice versa. The
same explanation can perhaps be invoked here, because ben-
zodiazepines interact with a specific benzodiazepine receptor
(32), and on the whole have a more specific range of actions
than the barbiturates. Therefore, tolerance to the broad range
of actions of barbiturates would include crosstolerance to the
effects of benzodiazepines, whereas tolerance to benzodiaz-
epines would include only a weak or partial crosstolerance to
the effects of barbiturates.
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