Pharmacology Biochemistry & Behavior, Vol. 18, pp. 25-30, 1983. Printed in the U.S.A.

Behavioral Tolerance to Stimulating
Effects of Pentobarbital:
A Within-Subject Determination

MARC N. BRANCH
Department of Psychology, University of Floridua, Gainesville, FL 32611

Received 28 October 1981

BRANCH, M. N. Behavioral tolerance to stimulating cffects of pentobuarbital: A within-subject determination. PHAR-
MACOL BIOCHEM BEHAV 18(1) 25-30. 1983.—Squirrel monkeys were trained to press a lever under a multiple
schedule of food presentation. In one stimulus condition responses that terminated interresponse times greater than 28 sec
were followed by food presentation. In the other stimulus condition, an interval schedule of food presentation was
presented that provided approximately the same frequency and distribution of food delivery as that observed under the
interresponse-time schedule. Except when it was administered for the first time, 5.6 mg/kg sodium pentobarbital produced
reliable increases in responding during the interresponse-time schedule. Behavioral tolerance to the rate-increasing effect
was assessed in individual subjects by first administering the drug daily following each session, and then giving it daily
before each session. Following post-session drugging, the effects of 5.6 mg/kg were not changed. but tolerance developed
when the drug was administered pre-session. The way in which tolerance developed was consistent with the

reinforcement-loss hypothesis.
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BEHAVIORAL tolerance is a subvariety of functional
tolerance that can be distinguished by the demonstration that
behavioral (or environmental) factors are important determi-
nants of the rate and/or degree of tolerance development to a
drug’s behavioral effects [9]. The standard method for dem-
onstrating that tolerance has a behavioral component is to
compare the effects of repeated pre-test drug administrations
to those of an equal number of post-test administrations [4].
The logic of such a comparison is that pre-test drug adminis-
trations allow the subject to engage in the measured behavior
while drugged, during which time some sort of behavioral
compensation may develop. Post-test administrations, by
contrast, result in the same amount of exposure to the drug
but do not allow the subject to engage in the task while under
the drug’s influence. Typically, two groups of subjects are
used. One is exposed to a series of pre-test administrations,
and the other is given an equal number of post-test treat-
ments. Comparisons are then made of effects of pre-test
administration. Tolerance is said to be behavioral if the pre-
test group shows more tolerance than the post-test group.
The basic behavioral-tolerance procedure has been used to
examine environmental contributions to tolerance develop-
ment for a variety of drugs across a range of behavioral
tasks. Behavioral tolerance has been found for am-
phetamines [1, 3, 20], ethanol {4, 5, 16, 17, 26, 27], LSD and
mescaline [18], barbiturates [13,25], cocaine [28,29], and A%-
tetrahydrocannabinol {2,19].

One of the weaknesses of the traditional behavioral-
tolerance procedure is that group means are often used to
characterize effects, and consequently precise quantitative

estimates of the contribution of environmental factors to the
development of tolerance in individual subjects are not ob-
tained. When behavioral effects of drugs are examined,
quantitative differences among subjects are usually observed
which will result in a group mean not being representative
(cf. [3]). To characterize properly the contribution of behav-
toral factors to the development of tolerance in individual
subjects, then, a method that allows determination of behav-
ioral tolerance in individuals is required. The main purpose
of the present experiments was to see if behavioral tolerance
can be observed in a within-subject design. Post- and pre-test
drug administrations were made in the same subject during
different parts of the study and differences in effects were
noted. An auxiliary purpose was to determine if behavioral
factors can contribute to tolerance to stimulating effects of
pentobarbital.

METHOD
Subjects

Two adult male squirrel monkeys (Saimiri sciureus) were
studied. Between daily performance sessions they were
housed individually with continuous access to vitamin-
enriched water. A food-deprivation regimen kept each at
about 85% of its free-feeding weight. (The 85% weights were
720 g for M501 and 765 g for M509). Both subjects had ex-
tensive operant-conditioning histories, and both had been
exposed to daily administrations of A’%-tetrahydrocannabinol.
Neither monkey, however, had received the drug for over a
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year. Shortly (3 months) before the present study, both had
received occasional administrations of chlordiazepoxide.

Apparatus

The monkeys were studied in a Plexiglas restraining unit
(chair) similar in design to one described previously [12]. The
chair restrained the subject in a sitting position by means of a
waist lock. Free movement of the entire upper body and of
the legs was afforded. The chair was equipped with a re-
sponse lever, colored stimulus lights and a pellet feeder that
could deliver 190-mg banana-flavored food pellets (P. J.
Noyes Co.) into a food cup recessed into the wall next to the
lever. During sessions the restraining chair was placed in a
ventilated, light- and sound-attenuating enclosure in a room
where white masking noise was continuously present. Ex-
perimental events were monitored and controlled by a
PDP-8/f minicomputer that was located in an adjacent room
and operated under the SuperSKED software system [24].
Data were also collected on a cumulative response recorder
(R. Gerbrands Co.)

Behavioral Procedure

The monkeys had been trained to press a lever under a
multiple schedule of food presentation [10]. When blue
stimulus lights were illuminated, lever presses resulted in
presentation of a food pellet according to an interresponse
time greater than 28-sec (IRT>28 sec) schedule. That is,
lever presses that followed the immediately preceding press
by 28 sec or more resulted in delivery of a food pellet. When
white stimulus lights were on, lever presses resulted in food
presentations according to a modified random-interval (RI)
schedule. The schedule was arranged such that the
probability that a lever press could result in food delivery
was zero for the first 28 sec following presentation of a pel-
let. Subsequently, every second there was a fixed probability
that food presentation would be made available. Once the
schedule arranged availability, the next lever press resulted
in delivery of the food pellet. The schedule was arranged in
this fashion so as to result in comparable frequencies and
distributions of food pellets in the two schedule components.
(A more detailed description of the results of this RI proce-
dure can be found in Galbicka, Lee and Branch [11]). Com-
ponents lasted five min, alternated, and were presented four
times each in a session. Each session began with the IRT
component. At the time the present study began the subjects
had been responding under the procedure for over three
years, and performance was quite stable.

Drug Procedures

Pentobarbital sodium was dissolved in 0.9% sodium
chloride solution. Dosages were determined as the salt, and
injection volume was held constant at 0.5 ml/kg body weight.
Injections were made into either the thigh or calf muscle (No
effect of varying injection location was ever noted).

Acute effects of a range of doses (1.0-10.0 mg/kg) were
determined initially by injecting the drug immediately before
sessions at four-day intervals. Doses were arranged in an
ascending, then descending, then ascending order. Because
the effects of 5.6 mg/kg changed following the first determi-
nation, the effects of this dosage were redetermined four
more times, during which dose spacing and magnitude of the
preceding dose were varied. Altogether, the numbers of de-
terminations of each dosage were as follows: Saline
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vehicle—S5; 1.0 mg/kg—3; 3.0 mg/kg—3; 5.6 mg/kg—7; 10.0
mg/kg—4.

The chronic effects of 5.6 mg/kg pentobarbital were exam-
ined by first injecting the subjects once per day for twenty
consecutive days immediately after the daily test session. On
the 21st day, the daily injection was moved to immediately
before the session. Pre-session injections continued for 30
days, after which ten daily sessions were preceded by injec-
tions of the saline vehicle.

RESULTS

Under non-drug conditions different patterns and rates of
responding were engendered in the two components of the
multiple schedule. The IRT schedule produced low rates of
lever pressing with a preponderance of IRTs greater than 28
sec. The RI schedule controlled a higher rate. Frequency of
food delivery was about the same in both components.
Quantitative data regarding control performance can be
found in the figures that follow.

Administered acutely, pentobarbital had differential ef-
fects on rates of lever pressing in the two components, and
effects of 5.6 mg/kg changed after the initial administration of
this dosage. When first given, 5.6 mg/kg decreased response
rates by about 2/3 during the RI schedule and left response
rates unaffected during the IRT schedule. When adminis-
tered subsequently, however, this dosage resulted in essen-
tially no change during the RI but substantial increases in
response rate during the IRT schedule.

Dose-effect curves for response rates and for numbers of
food pellets per session during the two components are pre-
sented in Fig. 1. Data from the initial administration of 5.6
mg/kg were not included in the analyses. The drug had no
appreciable effect on responding during the RI schedule un-
less the largest dose was administered, following which re-
sponse rates and rate of food presentation decreased. By
contrast, large reliable increases (at least 100% and in one
case as high as 1000%) in response rate during the IRT
schedule were observed following administration of 5.6
mg/kg. Accompanying these rate increases were correspond-
ing decreases in the frequency of food pellet delivery.

Effects of chronic drugging are summarized in Fig. 2.
When 5.6 mg/kg was administered daily immediately after
each session, no effect was observed. Response rates and
food-pellet frequencies typically fell within the range of ef-
fects observed under non-drug conditions. The initiation of
daily pre-session administration revealed that very little if
any tolerance had developed to pentobarbital’s effects dur-
ing post-session drugging. Response rates following the first
pre-session injection fell within the ranges of values obtained
when 5.6 mg/kg had been administered acutely. The rate
during the IRT component for M509, however, was near the
bottom of this range, suggesting that perhaps a modest
amount of tolerance had developed. It should be noted,
nevertheless, that the drug’s effects on overall frequency of
food presentation during the IRT component during the first
session which was preceded by pentobarbital were un-
changed from those seen during acute administration of 5.6
mg/kg.

In contrast to the absence of effects that resulted from
daily post-session treatments, daily pre-session injections
resulted quickly in tolerance to the response-rate-increasing
and pellet-delivery-decreasing effects of pentobarbital during
the IRT component of the multiple schedule. Following
about 20 days of pre-session treatments, response rate dur-
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FIG. 1. Effects of pentobarbital on rate of lever pressing (lower

graphs) and number of food pellets earned per session (upper
graphs) for monkeys 501 (left) and 509 (right). Filled circles display
data from the IRT>28-sec schedule, and open circles those from the
RI schedule. Points above C are means from sessions that im-
mediately preceded those in which injections were given. Points
above S are from sessions that were preceded by injection of the
saline vehicle. Vertical bars display ranges. Note that the Y-axes on
the lower graphs and the X-axes are logarithmic.

ing the IRT component became somewhat variable, but large
reductions in the frequency of food pellet delivery during the
component did not occur.

Discontinuation of daily pentobarbital resulted in a de-
crease in response rate, as compared to the no-drug baseline,
in both components of the multiple schedule for Monkey 501
and in the IRT component for Monkey 509. Rates remained
low for Monkey 501 over the last 10 sessions of the experi-
ment, whereas those of Subject 509 recovered in a few ses-
sions.

Other aspects of performance during chronic drugging are
detailed in Figs. 3 and 4 which show cumulative response
records and IRT distributions, respectively, from selected
sessions. The IRT distributions labeled A-D are from the
sessions from which the cumulative records of Fig. 3 were
taken. The cumulative records in the top row of Fig. 3 and
the IRT distributions labeled ‘“A’" in Fig. 4 are from the last
session prior to the initiation of post-session drug adminis-
tration. Performance in the two components tended to be
consistent across a session. Most IRTs were longer than 28
sec and the mode of the IRT distributions fell in the 28-32 sec
class interval. The cumulative records in the second row and
the IRT distributions labeled ‘‘B”’ are from the last (M501) or
second to last (MS509) session during post-session drugging.
Neither the IRT distributions nor the records indicate much
change. Data in the next row of each figure are from the first
session of the pre-session administration phase, and here
changes are very apparent. Response rates during the IRT
component were increased, resulting in a corresponding de-
crease in the number of food pellets obtained during this
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FIG. 2. Number of food pellets delivered per session (top and third
graphs) and responses per minute (second and bottom graphs) over
sessions of chronic drug administration and during withdrawal. Data
for Monkey 501 appear in the upper two graphs, and those for Mon-
key 509 in the lower two. Y-axes for response rates are logarithmic
whereas those for number of food pellets are arithmetic. Filled sym-
bols are from the IRT schedule, and open symbols are from the
random-interval schedule. Points and bars above ‘*ND"’ show the
means and ranges, respectively, of values obtained during the 15
daily sessions immediately preceding daily drug administration.
Points and bars above ““A”’ illustrate the means and ranges, respec-
tively, of values obtained via acute administration of 5.6 mg/kg pen-
tobarbital (each point is a mean of six determinations). The first 20
connected points are from sessions that were followed by injections
of 5.6 mg/kg pentobarbital. The next thirty points are from session
preceded by injections of the drug, and the last ten points are from
sessions preceded by injections of the saline vehicle. Data points are
missing from Day 23 for Monkey 509 and from Day 59 for Monkey
501 as a result of apparatus failures that prevented collection of valid
data.

component of the multiple schedule. Modes of the IRT dis-
tributions were shifted to the left, and the shift was more
pronounced for Monkey 501.

The bottom cumulative records and IRT distributions in
row ‘D’ are from the last session of the pre-session injec-
tion phase. By the end of this phase cumulative records
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FIG. 3. Cumulative response records from selected sessions for
Monkeys 501 (left) and 509 (right). Y-axes: cumulative responses.
X-axes: time. Diagonal marks on the records indicate food-pellet
delivery, and the response pen reset to baseline at the end of each
five-min component. The event pen was deflected downward when
the RI schedule was in effect. The records labeled **Baseline’™ are
from the last session prior to initiation of daily post-session drug-
ging. Those labeled *‘Post-session’ are from the last (501) or
second-to-last (509) session of post-session drugging. The records in
the next row are from the first session of daily pre-session drugging,
and those in the bottom row are from the last session of the pre-
session series.

looked similar to those obtained under control conditions
except that Subject 501 would occasionally respond at high
rates for short periods during the IRT component.
Interresponse-time distributions once again had modes in the
28-32 sec class interval.

The IRT distributions at the bottom of Fig. 4 illustrate
effects of withdrawing daily pentobarbital. For both subjects
the mode of the distribution shifted to the right when pre-
session saline was substituted for pentobarbital. This effect
disappeared in one session in Monkey 509 and in two ses-
sions for Monkey 501. That is, after either one or two session
the mode of the IRT distribution returned to the 28-32 sec
category.

DISCUSSION

The present experiments were successful in demonstrat-
ing that behavioral tolerance can be examined in individual-
subject designs. Tolerance did not develop to pentobarbital's
rate-increasing and reinforcement-frequency-decreasing ef-
fects during the IRT schedule when the drug was admin-
istered immediately after daily sessions, but did develop
when it was administered before sessions. Thus, the
tolerance observed can be considered behavioral tolerance
[7]. Within-subject designs to study behavioral tolerance
should be of considerable utility in providing quantitative
estimates of the contribution of behavioral factors to the
development of tolerance. It has been proposed, for exam-
ple, that behavioral factors may simply augment the degree
of tolerance that results from repeated drug administration
[14]. It should be possible using variants of the procedures
employed in the present experiments, simply by subtracting
the amount of tolerance that results from post-test injections
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FIG. 4. Interresponse time (IRT) distributions from selected ses-
sions. Y-axes: percentage of IRTs in a category, X-axes: IRTs in
4-sec class intervals (the last category includes all IRTs longer than
36 sec). Reinforced IRTs are shaded. Data in the left column are
from Monkey 501 and those in the right from Monkey 509. Rows
A-D correspond to the sessions displayed in Fig. 3, i.e., last
baseline, late post-session, first pre-session and last pre-session.
Row E shows data from the first session following withdrawal of
daily pentobarbital.
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from that observed when pre-test administrations are made,
to determine precisely the contribution of behavioral factors.
For example, in the present experiments it appears that vir-
tually all the tolerance observed depended on behavioral fac-
tors since virtually no tolerance developed as a function of
post-session administration.

The within-subject method should be preferable to
between-groups comparisons because it allows more precise
quantification of effects as they apply to individual subjects
[23]. The technique, as employed here however, is not with-
out its weaknesses. First, it is not known whether any sort of
asymptotic state was reached during the phase in which
post-session injections were made. It is possible that had
more post-session injections been made tolerance would
have developed. This problem could be overcome by de-
termining dose-effects at various stages during post-test
administrations and then beginning pre-session administra-
tions only when such probes show that a steady state has
been reached.

A second weakness is that post-test injections may
change the rate at which tolerance develops once pre-test
administrations begin. That is, a history of drug exposure
may alter the rate at which tolerance develops once behav-
ioral factors are allowed to play a role. If one is interested in
the question of the influence of prior drugging on the rate at
which behavioral tolerance develops then between-subject
comparisons are necessary. If one, however, is interested
mainly in the degree of tolerance that results from behavioral
factors, then the present procedure is appropriate.

The present results are consistent with the
“reinforcement-loss’” hypothesis concerning the develop-
ment of behavioral tolerance [7,22]. According to this no-
tion, tolerance is more likely to develop if a drug’s effect
results in a decrease in reinforcement frequency. The pres-
ent study, of course, did not provide a direct test of the
hypothesis because reliable changes in response rate that
were uncorrelated with changes in reinforcement frequency
were not produced. Nevertheless, rate increases during the
IRT schedule resulted in a decrease in the frequency of food
delivery, and tolerance developed to the rate-increasing ef-
fect. Had tolerance not developed, the *‘reinforcement-loss™
hypothesis would have been challenged. It is also interesting
to note in Fig. 2 that towards the end of the pre-session
drugging phase Monkey 501 exhibited response-rate in-
creases. Rates for Monkey 509 also were slightly above
non-drug control levels. These increases, however, were not
associated with substantial decreases in the frequency of
food presentation. (A feature of IRT >t schedules is that very
short IRTs result in less of a decrease in frequency of rein-
forcement than do longer IRTs that are still short of the
criterion length. As Fig. 4 shows, Monkey 501 either emitted
very short IRTs or IRTs longer than the criterion at the end
of the pre-session drugging phase). Thus, by the end of the
pre-session drugging phase, tolerance to rate increases had
developed in such a way that, although mean rates were not
consistently at baseline levels, frequencies of reinforcement
were very nearly at such levels. This finding, too, is consis-
tent with the “'reinforcement-loss’” notion in that tolerance
developed to rate increases only to the extent needed for
baseline frequencies of reinforcement to be recaptured.

Of interest is the fact that daily post-session injections of
pentobarbital produced so little effect. It is widely docu-
mented that repeated barbiturate (except barbital) adminis-
tration leads to the induction of liver microsomal enzymes
that accelerate the degradation of the barbiturate, and such
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effects are measurable after only a few daily treatments
[6,21]. Two possible explanations for the present failure to
find an effect are (a) the dose employed in the present study
was comparatively small and, as such, may not have
produced the effect, or (b) chronic administration may have
produced an accelerated rate of metabolism of pentobarbital
but the 40-min daily session may have been too short to
allow effects to be observed. Additional study on the deter-
minants of enzyme induction may help clarify the issue.

The present findings also are in agreement with and ex-
tend previous findings concerning effects of barbiturates on
schedule-controlled responding. Others [13], using
between-groups comparisons, have reported behavioral
tolerance to rate-decreasing effects of phenobarbital, and the
present findings show that behavioral factors can play an
important role in tolerance to rate-increasing effects of pen-
tobarbital. The rate at which tolerance developed to pen-
tobarbital's effects once pre-session injections were begun
was also comparable to reports by others who have studied
effects of repeated barbiturate administration on conditioned
behavior {13,25]. This comparability suggests that in the
present case post-session drugging did not alter the rate at
which behavioral tolerance developed.

The present findings also support previous work (e.g.
[8,15]) that emphasizes the important role that schedules of
consequent event delivery can play in determining a drug’s
behavioral effects. Under conditions of acute administration,
5.6 mg/kg pentobarbital produced large changes in behavior
under the IRT schedule while having little if any affect on
responding under the RI schedule. This large difference oc-
curred in spite of the fact that overall frequencies and tem-
poral distributions of food delivery were very similar in the
two components of the schedule. Oftentimes frequency of
consequences and schedule type are confounded in experi-
ments that purport to demonstrate schedule-dependent drug
effects [8,15]. In the present study this confounding was
minimized and still, large schedule-dependent differences in
effects were found. Thus, the precise nature in which behav-
ior and environment interact (i.e., the contingencies of rein-
forcement) can determine a drug’s behavioral effects.

One puzzling but noteworthy aspect of the present data is
the change in pentobarbital’s effects following its first admin-
istration. Initially, no dose increased response rates during
either schedule component. After initial determination of the
dose-effect curve, however, 5.6 mg/kg consistently and reli-
ably resulted in large increases in rate during the IRT
schedule. It seems unlikely that the initial failure was due to
a general drug “‘novelty" effect because both subjects had
previous experience with behaviorally active compounds.
Perhaps exposure to the largest dosage, 10.0 mg/kg, was
necessary before the lower dose would result in rate in-
creases. Upon initial determination of dose-effects. no effect
was seen until 10.0 mg/kg was given, at which time rates
were decreased. Perhaps exposure to the rate-decreasing
dose was a prerequisite for observing rate increases at lower
doses. In any event, these results serve to emphasize the
importance of determining dose-effects more than once.

To summarize, the present experiments demonstrated
that behavioral tolerance developed to rate-increasing ef-
fects of pentobarbital and in so doing showed that it is feasi-
ble to study behavioral tolerance in a within-subject design.
It is hoped that further development and use of such designs
will increase our understanding of behavioral tolerance as it
applies to individual subjects.
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