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(1) 61–66, 1997.—The present study examines the effects of chronic
diazepam treatment on conflict behavior in rats using the Geller–Seifter paradigm. A dose–response function for the effects
of diazepam (DZ) on punished and unpunished responding was determined (0.0, 0.63, 1.25, 2.5, and 5.0 mg/kg DZ intraperi-
toneally) using five independent groups. The test doses of DZ produced an inverted U-shaped function where punished re-
sponding increased as a function of dose up to 2.5 mg/kg and then decreased at 5.0 mg/kg. All groups were then treated with
2 

 

3

 

 5 mg/kg DZ per day for 5 days. When the dose–response function was redetermined at 36 h post-chronic treatment, it was
found that the function had shifted to the right, indicating tolerance. Because of the inverted U-shaped nature of the original
function, tolerance was manifested as a decrease in responding on the ascending portion of the function and as an increase in
responding on the dose (5 mg/kg) representing the descending side of the inverted U.  © 1997 Elsevier Science Inc.
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IN 1960, Geller and Seifter (13) described an operant condi-
tioning procedure for studying punished behavior or “conflict
behavior” in animals that has since been used extensively to
study the anxiolytic properties of drugs. Briefly, this proce-
dure consisted of a multiple schedule for food reinforcement
in which the alternating components were a variable interval
2-min (VI 2

 

9

 

) schedule and a tone-signaled continuous rein-
forcement (CRF) schedule during which responding was also
punished with foot shock. Benzodiazepines (BZs) and other
anxiolytic drugs have been shown to reliably increase the num-
ber of punished responses (anticonflict effect) animals will
make at doses of drug that do not alter unpunished response
rates (7,10,26).

Many early studies investigating the effects of repeated
treatment with BZs on conflict behavior reported that toler-
ance to the anticonflict properties of BZs did not develop, and
in fact, some studies have found an increase (sensitization) in
punished responding following chronic BZ treatment (15,18,

19,31). More recently, reports have appeared that suggest tol-
erance to the anticonflict effects of BZs does develop (11,27).
While methodological differences may in part account for the
discrepancy in results mentioned above, it is also true that in
many of the previously cited studies (15,18,31) the effects of
repeated administration of BZs on conflict behavior was stud-
ied using a single test dose of drug rather than a complete
dose–response curve. Using a single test dose can sometimes
limit data interpretation, particularly in cases where a com-
plete dose–effect curve would result in an inverted U-shaped
function, as is the case with the conflict paradigm. As previ-
ously discussed by Carlton (6), when the behavioral effect ob-
served following low and intermediate drug doses is an in-
crease in response rate, a biphasic or inverted-U shaped dose–
response function is inevitable if sufficiently high doses are
tested. In behavioral paradigms where an inverted U-shaped
function can be shown, using a single dose to test for tolerance
can be problematic. Specifically, if the test dose represents the
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left or ascending portion of the function, tolerance would re-
sult in a decrease in punished responding; however, if the dose
represents the right or descending portion of the function, tol-
erance would be characterized by an increase in punished re-
sponding. In the absence of information regarding which side
of the dose–response curve the test dose represents, results
from single dose experiments are often difficult to interpret
because either increases or decreases in punished responding
could reflect either tolerance or supersensitivity.

The primary objective of the present study was to help ex-
plain previous conflicting reports of tolerance, no tolerance,
and supersensitivity to the anticonflict effects of BZs by
studying the effects of repeated diazepam (DZ) administra-
tion on conflict behavior, using changes in an inverted-U
shaped dose–response curve rather than a single dose of drug
as the dependent measure. A second objective was to deter-
mine if withdrawal of DZ would produce a rebound increase
in conflict behavior similar to the rebound increase in anxiety
reported in humans when chronic DZ is discontinued (22,23,
25). A third objective was to determine the importance of the
retest intervals chosen to assess the development of tolerance.

 

METHODS

 

Subjects

 

The subjects were 40 male Sprague–Dawley rats (225–249
g) (Harlen Sprague–Dawley, Inc., Indianapolis, IN, USA) in-
dividually housed and food-deprived to 85% of their free-
feeding weight 1 week prior to the onset of the experiment.
The rats had continuous access to water, except during train-
ing, and were given enough food to maintain their weights at
85% of their expected nondeprived weights immediately fol-
lowing training and on weekends. All rats were maintained on
a 12 L:12 D cycle with light onset at 0600 h.

 

Apparatus

 

Six commercially available operant chambers (BRS/LVE
model RTC-024), each housed in a sound-attenuating cham-
ber, were used. The operant chambers were equipped with
two response levers, a pellet dispenser centered between the
levers, and a grid floor for delivery of foot shock. The start of
the session was signaled by illumination of the chamber with a
house light (7.5-w bulb). The light remained on until comple-
tion of the session. All equipment was controlled by MS-
DOS-compatible computers using the Operant Package for
the Neurosciences software (Fort Worth, TX, USA).

 

Training Procedure

 

Rats were shaped to lever press for food reinforcement
(Noyes 45-mg pellets) on a CRF schedule during daily 20-min
sessions. Following 3 days of CRF training, the rats were
switched to a variable interval (VI) schedule of reinforcement
that began as a VI 10-s schedule and increased by 10 s every
third day until the rats reached a VI 1-min schedule of rein-
forcement (15 training sessions). Following an additional 9
days on the VI 1-min schedule, the rats were switched to a mul-
tiple VI 1-min CRF schedule. Responding during the VI 1-min
component (unpunished) was reinforced with food, while dur-
ing the CRF component (punished) lever presses were both re-
inforced with food and punished with foot shock (biphasic, DC
current wave) produced by a shock generator/scrambler (BRS/
LVE model SGS-004). A tone (1000 Hz) signaled the onset of
the CRF component and remained on throughout this 2-min
segment. Using an incremental shock procedure similar to

that first described by Pollard and Howard (24), the intensity
of the foot shock began at zero and incremented with every
other response. Initially, every other lever press incremented
the shock intensity (0.5-s duration) by 0.15 mA; however, over
a period of 4 weeks the increment was gradually increased to
0.30 mA to obtain a baseline that was sensitive to bidirec-
tional changes. The unpunished and punished components
were 5 and 2 min in length, respectively, and each session con-
sisted of three VI segments (unpunished) alternated with three
CRF segments (punished), for a total of 21 min of training time.
Once the final shock intensity was reached, training continued
for an additional 3 weeks before testing began. Training was
given 5 days per week.

 

Test Procedure

 

Forty animals were assigned to one of five groups (

 

n

 

 

 

5

 

 8)
matched for the mean number of responses made during the
punishment component of the three preceding training ses-
sions. The individual animal means, from the final three train-
ing sessions, ranged from 10 to 12.8 responses. To reduce the
initial sedative effects of DZ on response rate (4,8,10,21),
prior to the onset of the experiment, each rat was pretreated
with 5 mg/kg of DZ moistened with Tween 80 and suspended
in distilled water [15 min, intraperitoneally (IP)] for two con-
secutive days and trained in the conflict procedure. Following
the 2 days of exposure to DZ, the rats did not receive drug or
training for 5 days. At the end of the 5-day period, a dose–
response curve was determined. Each of the five groups of
rats was pretreated with one of four doses of DZ (0.625, 1.25,
2.5, and 5.0 mg/kg) or vehicle (15 min, IP) and tested in the
conflict procedure (test sessions were identical to training ses-
sions). Data from the saline control group indicated that the 5
days without training had no effect on mean number of re-
sponses made during either the punished or the unpunished
segments of the conflict paradigm. Subjects in this group
made an average of 11.5 and 42 responses during the punished
and unpunished components, respectively, during the final
training session and 11.6 and 36 responses for the same two
components when tested for the dose–response function 5
days later. Twenty-four hours following determination of the
dose–response curve, chronic DZ treatments began. All rats
were injected subcutaneously (SC) with 5 mg/kg of DZ twice
daily (0800 and 2000 h) for 5 days. Diazepam was given SC
during the chronic administration phase of the experiment to
slow the rate of absorption, thereby prolonging its activity. No
training was given during the 5 days of chronic treatment.
Thirty-six and 84 h after the final 5-mg/kg DZ injection, the
dose–response curve was redetermined. These time intervals
were chosen on the basis of preliminary data collected at 24-h
intervals beginning at 12 h post-DZ that indicated that, under
similar treatment conditions, 36 h corresponded with the max-
imum shift to the right in the dose–response curve and 84 h
corresponded with recovery. Conflict responding at the 12-
and 60-h time intervals was intermediate to responding at the
36- and 84-h time intervals.

 

Drugs

 

The DZ pretreatment effects and dose–response curves
were determined using IP injections of DZ (Sigma Chemical
Company, St. Louis, MO, USA) moistened with a few drops
of Tween 80 and suspended in distilled water. Animals were
injected SC with 5 mg/kg of Valium injectable (Roche, VA
Medical Center, Nashville, TN, USA) during chronic treat-
ment. All drugs were administered in a volume of 1 ml/kg.
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RESULTS

 

Two of the original 40 rats died during the course of the ex-
periment, one from the saline group and one from the 2.5-mg/
kg group. The data presented are from the remaining 38 rats.

Two days of exposure to 5 mg/kg of DZ, prior to the begin-
ning of the experiment, had minimal disruptive effect on re-
sponse rates under either schedule. Baseline response rates for
the 40 rats at the completion of training were 11.6 and 88 for pun-
ished and unpunished responses, respectively. Following DZ ex-
posure, subjects made 11.4 and 12.4 punished responses and 78
and 88 unpunished responses on days 1 and 2, respectively.

The lower panel of Fig. 1 shows the DZ dose–response
curves for punished responding before chronic DZ treatment
(pre) and 36 h and 84 h after chronic drug treatment (post). A
5 (dose) 

 

3

 

 3 (retest interval) repeated-measures ANOVA in-
dicated significant dose [

 

F

 

(4, 33) 

 

5

 

 4.05, 

 

p

 

 

 

5

 

 0.009], retest in-
terval [

 

F

 

(2, 66) 

 

5

 

 3.23, 

 

p

 

 

 

5

 

 0.046], and dose 

 

3

 

 retest interval
[

 

F

 

(8, 66) 

 

5

 

 4.095,  

 

5

 

 0.0005] effects. As can be seen in the
figure, when subjects were tested prior to chronic DZ treat-
ment (pre condition), the test doses of DZ produced an in-
verted U-shaped dose–response function where punished re-
sponding increased as a linear function of dose up to 2.5 mg/
kg. At the next higher dose, 5 mg/kg, there was less of an in-
crease, thus accounting for the downward inflection of the in-
verted U-shaped function. The magnitude and general shape
of the pre-chronic DZ function are consistent with results re-
ported by Pollard and Howard (24) for DZ in rats tested in an
incremental shock procedure. When the same groups were
tested 36 h after chronic DZ treatment, the dose–response
curve is shifted to the right, indicating the development of tol-
erance. The vehicle, 0.60-, 1.25-, and 2.5-mg/kg groups all
showed nearly identical decrements in responding from their
pre-chronic DZ values. 

 

F

 

-tests on the simple effects of dose
indicated that significant differences were found between the
pre and 36-h post tests of conflict responding for the 1.25-
[

 

F

 

(2, 66) 

 

5

 

 7.53, 

 

p

 

 

 

,

 

 0.01], 2.5- [

 

F

 

(2, 66) 

 

5

 

 5.93, 

 

p

 

 

 

,

 

 0.01], and
5.0-mg/kg [

 

F

 

(2, 66) 

 

5

 

 8.76, 

 

p

 

 

 

,

 

 0.01] groups. In the 1.25- and
2.5-mg/kg groups, it can be seen that the significant differ-
ences were due to lesser increases in conflict responding in the
animals tested 36 h post-chronic DZ compared with when
they were tested pre-chronic DZ or 84 h post-chronic DZ. At
the 5-mg/kg dose, this order is reversed in that these subjects
showed the greatest increase in conflict responding at the 36-h
test interval and lesser increases at the pre and 84-h post-
chronic DZ test times. It is these differences at the 5-mg/kg
dose that account for the significant dose 

 

3

 

 retest interval in-
teraction reported in the main repeated-measures ANOVA.
Tests on the simple effects of the retest interval factor resulted
in significant 

 

F

 

 values [

 

F

 

(4, 33) 

 

5

 

 11.53, 

 

p

 

 

 

,

 

 0.01; 

 

F

 

(4, 33) 

 

5

 

24.67, 

 

p

 

 

 

,

 

 0.01; and 

 

F

 

(4, 33) 

 

5

 

 12.36, 

 

p

 

 

 

,

 

 0.01, respectively] for
the pre, 36-h post, and 84-h post tests, indicating that conflict
responding was a significant function of dose at all the test in-
tervals.

A visual comparison of the pre-, 36-h post-, and 84-h post-
chronic treatment dose–effect curves shown in the lower
panel of Fig. 1, in combination with the statistical tests re-
ported, indicate three noteworthy findings. First, the 36-h post
test data provide strong evidence for tolerance. This is sup-
ported by the reduced conflict responding observed at doses
on the ascending limb of the dose–effect curve compared with
the responding observed in the pre-chronic treatment tests.
Second, the marked increase in responding at the 36-h post
test interval for the 5-mg/kg DZ dose is also consistent with a
tolerance interpretation. In this case, the baseline shift (phar-
macodynamic tolerance) had the effect of converting the orig-

inally disruptive 5-mg/kg dose to a functionally lower dose. To
estimate the acute dose of DZ that would be expected to pro-
duce an increase in conflict responding equivalent to that ob-
served (14.95) for 5 mg/kg of DZ administered at the 36-h
post-chronic treatment interval, a linear regression equation
was computed using the data from the linear portion (doses
0.0–2.5 mg/kg DZ) of the pre-chronic treatment dose–effect
curve. By substituting 14.95 for 

 

Y

 

 and solving for dose, it was
found that the predicted dose of DZ that would normally be
expected to produce 14.95 conflict responses was 3.2 mg/kg
DZ. Thus, it could be argued that the net effect of chronic DZ
treatment on the 5-mg/kg dose was to reduce it to a function-
ally lower dose estimated to be 3.2 mg/kg based on linear re-
gression analysis. Third, when all groups were tested 84 h

FIG. 1. Dose–response curves for the effects of DZ on unpunished
(upper panel) and punished (lower panel) responding. The data
shown are the mean numbers of unpunished and punished responses
made pre-chronic DZ treatment as well as 36-h and 84-h post-chronic
DZ treatment by five groups of animals tested on either 0.6, 1.25, 2.5,
or 5.0 mg/kg of DZ or on vehicle. Each value represents the mean 6
SEM for seven or eight rats. For punished responding, animals in the
1.25- and 2.5-mg/kg groups made significantly fewer responses at 36 h
post-chronic DZ compared with pre-chronic DZ, whereas the 5.0-mg/
kg group made significantly more punished responses at 36 h post-
chronic DZ compared with pre-chronic DZ (p , 0.05). For
unpunished responding, animals in the 5.0-mg/kg test group made a
significantly greater number of responses at 84 h post-chronic DZ
compared with their pre-chronic DZ and 36-h post-chronic DZ
response rates.
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post-chronic DZ, the original U-shaped function was again
observed, indicating that by that time tolerance had com-
pletely dissipated.

Of special interest in the results from this experiment is the
apparent rebound shift below baseline observed for the 0.0-
mg/kg (vehicle) subjects tested on vehicle 36 h post-chronic DZ
treatment. As can be seen, these subjects made fewer conflict
responses than they did when tested on vehicle either pre-
chronic DZ treatment or 84 h posttreatment. Due to an aber-
rant score of a single subject, the mean of the 36-h retest inter-
val was not significantly different from the pretreatment mean
of the same subjects tested on vehicle. Nevertheless, the data
strongly suggest that the change in punished responding for the
0.6-, 1.25-, and 2.5-mg/kg groups reflects the same baseline shift
observed in the vehicle group. If the 36-h post-chronic DZ
treatment dose–effect function reflects a parallel shift to the
right of the pre and 84-h post dose–effect curves, the slopes of
the three functions should not differ. To test this prediction, lin-
ear regression analyses were performed using all but the 5-mg/
kg point, because for two of the three dose–effect curves (pre
and 84 h post), the 5-mg/kg data did not fall on the linear por-
tion of the function. The results of the regression analysis in-
dicated slope values of 1.05, 0.75, and 1.03 for the pre, 36-h
post, and 84-h post tests, respectively, and were found not to
differ significantly from being parallel [

 

F

 

(6, 52) 

 

5

 

 

 

,

 

1].
Rates of responding during the nonpunished VI 1-min

component were also recorded and are presented in the upper
panel of Fig. 1. A repeated-measures ANOVA indicated a
significant effect for retest interval [

 

F

 

(2, 66) 

 

5

 

 3.53, 

 

p

 

 

 

5

 

 0.035]
alone. It is apparent from the figure that this was due to an in-
crease in responding at the 84-h retest interval compared with
the pre and 36-h post measures. While not significant, the ap-
parent overall lower rate of responding in the vehicle group
reflects initial differences present at the start of the experi-
ment unrelated to acute treatment with DZ.

 

DISCUSSION

 

The results of the present study demonstrate that tolerance
does develop to the anxiolytic properties of diazepam as mea-
sured using a modification of the Geller–Seifter conflict para-
digm. The fact that the present experiment examined the ef-
fects of chronic DZ administration on an inverted U-shaped
dose–effect function provided information that helps to ex-
plain why some investigators reported sensitization rather
than tolerance to the anticonflict properties of benzodiaz-
epines following chronic treatment. If chronic DZ treatment
produced sensitization, the inverted U-shaped dose–effect
function would shift to the left. The most obvious change
would be a shift in the point of inversion of the U-shaped
function to a lower dose. Doses that had previously been mar-
ginally effective would become more effective, doses that pre-
viously had been optimally effective would become disrup-
tive, and doses that had been disruptive would become more
disruptive. On the other hand, if chronic DZ produced toler-
ance, the inverted U-shaped function would shift to the right,
with the point of inversion in the function occurring at a
higher dose. The prediction of change in anticonflict activity
for the various doses would be just the opposite of those de-
scribed for sensitization. Little or no anticonflict activity would
be expected at the lowest doses, less than optimal anticonflict
activity would be expected at previously optimal doses, and
more optimal anticonflict activity would be expected at previ-
ously disruptive doses. The results observed in the present ex-
periment are accurately described by the predictions compati-

ble with the development of tolerance, and are opposite those
compatible with the development of sensitization. The finding
of increased conflict responding at the 5-mg/kg dose after
chronic treatment replicates the data, but not the interpreta-
tion of results, from previous experiments reporting sensitiza-
tion. Had the 5-mg/kg dose been tested in isolation, the results
could have been misinterpreted as evidence for sensitization
rather than as a special case of tolerance.

Although most investigators have not observed tolerance to
the antipunishment effects of BZs, there have been some ex-
ceptions (11,27,30), and the results of the present experiment
are in agreement with these previous studies. Furthermore, tol-
erance to the effects of BZs has also been shown in animal
models of anxiety that do not involve punishment (12,32).

In addition to determining whether chronic DZ treatment
would produce tolerance or sensitization to the anticonflict
properties of DZ, a second purpose for conducting the cur-
rent study was to test the possibility of observing a rebound
increase in conflict analogous to the rebound increase in anxi-
ety reported in the clinical literature (22,23,25) following
chronic treatment with BZs. An adequate test of the rebound
possibility required a behavioral baseline that would be sensi-
tive to both increases and decreases in conflict behavior. This
was achieved by using a modification (24) of the Geller–
Seifter paradigm that used incremental rather than fixed
shock intensities. The data directly relevant to whether or not
a rebound increase in conflict (as evidenced by decreased con-
flict period responding) was observed are the conflict data for
subjects tested on vehicle 36 h after chronic DZ treatment.
Although it did not reach an acceptable level of significance,
the below-baseline responding observed in this group after
chronic DZ treatment is suggestive of a postdrug increase in
conflict behavior similar to the increase in anxiety reported
clinically when patients abruptly terminate BZ treatment. The
statistical finding that the slopes computed on the linear por-
tions of the pre, 36-h post, and 84-h post dose–effect curves
were not significantly different from parallel further supports
the interpretation that chronic DZ treatment resulted in a
parallel shift to the right in the dose–effect curve, i.e., toler-
ance, and that the shift is a direct reflection of the temporary
change in baseline. An alternative interpretation for the be-
low-baseline responding observed in the subjects tested on ve-
hicle 36 h post-chronic drug treatment is that the data reflect a
nonspecific disruption in performance due to general malaise
associated with chronic DZ treatment. Because no disruption
was seen in responding during the nonpunished VI compo-
nent of the schedule during the same test session, this expla-
nation is unlikely. Furthermore, it would be expected that re-
sponding during the VI component would be more sensitive to
detecting the presence of factors that might produce nonspe-
cific disruption in performance than responding in the conflict
component, because in the latter there is a one to one relation-
ship between rate reduction and loss of reinforcement. During
VI responding, the effects of rate reduction are much less
costly. The temporary rebound shift in baseline observed here
agrees with a growing number of reports from both acute and
chronic drug studies showing temporary shifts in behavioral
baselines (2,3,14,20). What all these studies have in common is
the use of a behavioral baseline that is bidirectionally sensitive.

Results from the present study are consistent with theories
that suggest that adaptive or homeostatic processes mediate
pharmacodynamic tolerance to and withdrawal from psycho-
active compounds (1,16,17,28,29). For example, one such the-
ory proposes that pharmacodynamic tolerance and withdrawal
are different behavioral manifestations of the same adaptive
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process (28,29). This explanation argues that after the use of a
mood-enhancing drug, two events occur in temporal succes-
sion. First, the primary, hedonically positive drug effect is ex-
perienced followed by a negative mood state, hedonically op-
posite the primary effect. The negative mood state reflects the
dominance of homeostatic processes that oppose the drug’s
initial mood-enhancing properties and are unmasked as the
drug is metabolized and cleared from the system. If no further
drug is taken, the organism gradually returns to the predrug
baseline. If, however, additional drug is taken prior to recov-
ery of the pretreatment baseline, the primary effect of the
drug will be attenuated (tolerance) by an amount equivalent
to the shift in baseline, defining pharmacodynamic tolerance.
The results of the present study are consistent with this expla-
nation. As can be seen in the lower panel of Fig. 1, what
changed following chronic drug treatment was not whether
the drug still demonstrated anticonflict properties, but rather
the baseline from which the anticonflict effects occurred. In
fact, if one considers the data from the subjects tested on vehi-
cle 36 h after chronic DZ to represent the drug-induced shift
in baseline, except for the special case of the 5-mg/kg group,
the remaining groups showed changes from baseline compa-
rable to those observed prior to chronic treatment.

In the present experiment, little change was observed in
response rate during the nonpunished VI 1-min component.
In agreement with a number of previous reports (4,5,8,10,21),
treating all subjects with BZs a number of times prior to the
start of an experiment effectively eliminated the disruptive ef-
fects on response rate that BZs have when first administered.
At present, the mechanism mediating this long-lasting “toler-

ance” is not well understood. Drug–behavior interactions that
result in a learned adaptation appear to play a role; however,
there are reports of tolerance to the initial disruptive effects
of BZs following exposure to the drug outside the experimen-
tal setting (9,21).

In summary, the results from the present study show that
tolerance does develop to the anticonflict properties of BZs as
measured in a modification of the Geller–Seifter paradigm
and also help explain why previous studies found either no
tolerance or supersensitivity. The results further illustrate the
importance of obtaining an inverted U-shaped dose–response
function to study changes resulting from chronic drug treat-
ment. As was observed in the present experiment, depending
on whether a test dose represents the left ascending limb of
the function or the right descending portion, tolerance can re-
sult in either an increase or a decrease in conflict responding
compared with pre-chronic drug levels. A second factor found
to be important in demonstrating tolerance to the anticonflict
properties of BZs is the posttreatment test interval. If phar-
macodynamic tolerance reflects a transient shift in baseline
caused by homeostatic processes that oppose the drug’s pri-
mary effects, and dissipates over time once drug treatment
ends, test intervals following chronic drug treatment that are
too long or too short could preclude detecting tolerance.
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