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INTRODUCTION

When organisms experience recurrent presentations of the same
stimuli, a prevalent response is adaptation. Tolerance is a term
used to describe an organism's adaptation to repeated experiences
with a drug, and is customarily defined in two ways. An organism
is said to be tolerant (a) when regularly occurring administration
of a fixed drug dose results in a diminished effect or (b) follow-
ing repeated drug administration, a larger drug dose is required
to elicit the origipal response. Tolerance may be observed as a
shift to the right of the dose-response curve, a measure prqviding
information not only on the magnitude of adaptation, but also in
some cases, on the mechanism involved (Kalant, LeBlanc, & Gibbins,
1971).

Both empirical and theoretical distinctions have been used to
classify physiological mechanisms underlying drug tolerance. For
example, the terms drug-disposition tolerance or metabolic toler-
ance refer to adaptation mediated by changes in drug absorption or
metabolism that reduce the concentration of the drug at the site of
action. Cellular tolerance (also termed pharmacodynamic, function-
al, or tissue tolerance), on the other hand, refers to reduced sen-
sitivity to drugs, even when the concentration at the site of
action is presumed to be unchanged. It is possible, therefore, to

distinguish between cellular and metabolic tolerance by relating a



a drug's effect to its concentration in blood or tissue.

Goldstein, Aronow, and Kalman (1974) have suggested that the
mechanisms involved in cellular tolerance may be theoretically
classified into two types. One type of theory assumes that the
drug-receptor interaction remains essentially unchanged and that
adaptation is due to homeostatic adjustments in more distal bio-
chemical or neuronal pathways. Martin (1968), for example, has
proposed that tolerance may involve the development and functioning
of alternate neuronal pathways that substitute for drug-impaired
systems. A related suggestion (Kalant, 1977) is that tolerance to
ethanol, barbiturates, and opiates reflects a general adaptation to
the central nervous system depression caused by these agents rather
than specific adaptation to the chemical agents themselves. Alter-
natively, the other type of theory proposes a change in the config~-
uration or number of available drug receptors, thereby reducing the
extent of effective drug-receptor interaction. Along these lines,
antagonist-affinity studies (Takemori, 1975) support the suggestion
that chronic exposure to morphine results in a change in the
structure of the receptor molecule, thereby weakening drug-receptor
binding.

Hug (1972), making a theoretical dichotomy similar to that of
Goldstein et al., described changes in the cells upon which the
drug acted directly as a cellular mechanism, while tolerance due to

adjustment in other cells was described as due to homeostatic
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mechanisms. The proposal that ethanol's interaction with the cell
membrane is countered by an adaptive change in membrane conforma-
tion (Hill & Bangham, 1975; Wallgren, Nikander, & Virtanen, 1975)
would exemplify the former type of mechanism. At present, many
details of the physiological and neurochemical processes mediating
drug tolerance remain unknown.

A comprehensive account of the nature of tolerance must in-
volve consideration of a number of issues: (1) variables influenc-
ing the time course of the development and loss of tolerance, (2)
differential development of tolerance to various actions of the
same drug, (3) cross-tolerance (or lack of it) between drugs, and
(4) the possible relationship between tolerance and dependence.
Traditionally, the factors considered to be importantly related to
tolerance have included the extent of contact between the drug and
its site of action, the chemical structure of the drug, and the
nature of the responses measured. For example, it is maintained
that "tolerance development is favored by the continuous presence
of drug in adequate concentration" (Goldstein et al. 1974, p. 596);
that drugs with similar chemical structures more often show
cross-tolerance (Hug, 1972); and that tolerance develops more read-
ily to the disruption of simple versus complex responses (Ferraro,

1978).



Behavioral Tolerance

Recently, attention has been directed to the role of nonphar-
macological variables in the development and manifestation of drug
tolerance. Researchers working with a variety of drugs have re-
ported that behavioral manipulations, apparently unrelated to the
extent of contact between the organism and the drug, can dramati-
cally influence the amount or rate of development of tolerance.

The term behavioral tolerance is used here to distinguish instances
of adaptation to a drug that are particularly dependent upon beha-
vioral manipulations. It has been suggested that such behavioral
manipulations reduce sensitivity to drugs via mechanisms that

differ from those thought to be responsible for cellular or meta-
bolic tolerance. These mechanisms have been characterized as in-
volving instrumental learning, adaptation to functional impairment
induced by drugs, state—-dependent learning, and classical condition-
ing. Current research and theorizing related to these proposed

mechanisms of behavioral tolerance will be outlined below.

Instrumental Learning

Observing that tolerance does not develop uniformly to all be-
havioral effects of a drug, Schuster (1978) and his co-workers pré—
posed that tolerance will develop only to the extent that a drug's
primary actions result in a decrease in the amount of reinforce-
ment received. These investigators reported that while no toler-

ance was evidenced to amphetamine-induced increases in general



activity or shock-avoidance responding, tolerance did develop to
the disruptive effect of amphetamines on DRL (differential rein-
forcement for low rates of responding) bar-pressing behavior in

the same animals (Schuster & Zimmerman, 1961; Schuster, Dockens, &
Woods, 1966). Schuster et al. (1966) suggested that this differen-
tial development of tolerance could be accounted for by examining
the drug's effect on frequency of reinforcement. The ampheta-
mine-induced increases in shock-avoidance responding and general
activity yielded no decrement in frequency of reinforcement; how-
ever, administration of amphetamine did result in a decrease in
food reinforcement received in the DRL task. 1In such a situation,
adaptation to the drug may be viewed as a response which is instru-
mental in producing an increase in (or normalization of) the amount
of reinforcement (LeBlanc & Cappell, 1977).

The role of loss of reinforcement in the acquisition of drug
tolerance fits within a broader theoretical framework in which in-
strumental learning is hypothesized to mediate adaptation to drug
effects (Carder, 1978; Ferraro, 1976). Within this framework, when
a drug's initial effects result in a decrement in reinforcement, or
in other adverse conditions, the stage is set for instrumental
strengthening of homeostatic adjustments or adaptive responses that
ameliorate the drug-produced deficit. The nature of such responses
may range from changes in cellular functioning to gross behavioral

adjustments. For example, the influence of several behavioral



manipulations on the development of tolerance to marihuana (or its
active agent 1 —Ag— tetrahydrocannabinol) may be accounted for by
viewing tolerance as an instrumentally.reinforced adaptive response,
learned in the presence of appropriate contingencies, and manifes—

ted in the presence of appropriate stimulus cues (Ferraro, 1978).

Functional Impairment

A second interpretation of the effects of behavioral variables
on drug tolerance stresses adaptation to the functional impairment
induced by drugs. Kalant et al. (1971) have proposed that three
factors contribute to the rate or extent of development of toler-
ance during drug exposure. Adaptation to drugs is said to be a
function of drug concentration in blood or tissue, prior experience
with the drug, and the amount of functional impairment induced by
the drug. Functional impairment may be described as the lack of
ability, at a neural or behavioral level, to respond suitably to
demands placed on the organism. Therefore, amount of functional
impairment is said to depend on both the magnitude of the primary
cellular disturbances caused by the drug, and the amount of func-
tional demand placed on the organism during the period of drug ex-
posure (Kalant, 1977).

A variety of experimental work supports the suggestion that
the nature of ongoing activity during drug exposure can importantly
influence the development of tolerance. Investigations of toler-

ance to ethanol (Chen, 1968; Crow & Higbee, 1977; LeBlanc, Gibbins,



& Kalant, 1973; 1975), amphetamines (Carlton & Wolgin, 1973), bar-
biturates (Tang & Falk, 1978) and morphine (Adams, Yeh, Woods, &
Mitchell, 1969; Siegel, 1975, 1976, 1977, 1978a) have consistently
shown that when drug administration is paired with, or regularly
precedes behavioral testing, the development of tolerance appears
to be enhanced. In what was perhaps the first study of its type,
Chen (1968) exposed three groups of rats to equal amounts of etha-
nol on four occasions. On the first three exposures, one group
(Before group) received an injection of ethanol (1.2 g/kg) just
prior to a training session in a circular maze, while the other
group (After group) received an injection of the drug just after
the maze session. On the fourth exposure to ethanol, all animals
received the drug just before the maze test. As all animals had
had equal experience with ethanol (and the test environment) prior
to the fourth ethanol challenge, it might be expected that both
groups would have displayed equal tolerance to the drug. This was
not the case. While both the Before and After groups did show
equivalent tolerance to the motor depressant effects of ethanol,
only the Before éroup evidenced tolerance to the maze-performance
disruption (a decrement in the number of correct trials) caused by

the drug. Chen concluded that physiological theories of tolerance

could not account for this outcome and postulated that some unspeci-

fied behavioral mechanism might be involved.



More recently, LeBlanc, Gibbins, and Kalant (1973) have con-
firmed Chen's general finding; moreover, these investigators used
a comprehensive experimental procedure that yielded additional in-
formation and allowed an interpretation different from that offered
originally by Chen. 1In their study, LeBlanc et al. exposed three
groups of rats equally to ethanol and a test situation according

to the design cutlined below.

PRE-TEST POST-TEST
GROUP INJECTION TEST INJECTION
Before ethanol maze saline
After saline maze ethanol
Control saline maze saline

All animals received an injection before and after the daily
test session and the development of tolerance was monitored every
fourth day over a period of about 10 weeks by testing all groups
in the maze after an injection of ethanol. Like Chen, LeBlanc et
al. observed that initially only the animals previously exposed to
the drug while in the maze evidenced tolerance; however, with con-
tinued drug exposure, both the Before and After groups eventually
developed tolerance to the same extent. LeBlanc et al. concluded
that tolerance shown by the group exposed to ethanol during testing
differed from tolerance evidenced by the After group only in rate
of development and that postulation of different underlying mecha-

nisms was unnecessary. Further support for this interpretation



was provided in an additional study by LeBlanc, Gibbins, and
Kalant (1975) who reported that tolerance developed in rats per-
forming a moving-belt, shock-avoidance task generalized to perfor-
mance in a circular maze. Such generalization would not be ex-
pected if tolerance involved a behavioral mechanism such as a
task-specific, learned compensation for drug impairment. Of
special interest was the finding that under these conditions, de-
velopment of drug dependence also appeared to be enhanced.
According to Kalant's model, organisms receiving equal expo-
sure to a drug, but experiencing the drug at different levels of
activity (as in the Before and After group designs) may be expected
to develop tolerance differentially. The term "behaviorally aug-
mented tolerance" has been coined by LeBlanc and co-workers to |
refer to the enhanced rates of development of tolerance under these
conditions. It is important to note that Kalant maintains that the
influence of this behavioral manipulation merely involves enhanced
rate of development of physiological tolerance, and not mechanisms

such as habituation or learning.

State Dependent Learning

It has been observed that learning which takes place while an
organism is under the influence of a drug may fail to transfer to
the non-drug state. Conversely, learning in a normal state may
fail to be evidenced when the organism is subsequently drugged.

(For reviews, see Bliss, 1974; Overton, 1972, 1978). Such lack of
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transfer of learning from one state of the organism to another has
been termed state-dependent learning, and Kalant et al. (1971) have
suggested an alternate interpretation of behavioral tolerance based
on this phenomenon. In the Before and After designs described
earlier (e.g. Chen, 1968; LeBlanc et al. 1973) animals receiving
the drug just prior to training can be thought of as learning the
task while in the drug state. The After groups, however, have no
such opportunity during training. When both groups are subse-
quently tested in the drug state, training transfers for the Before
animals and they are.able to perform well behaviorally (i.e., they
appear tolerant to the drug's effects). For the After animals how—
ever, training in the non-drug state fails to transfer to the drug

state and performance is poor.

Classical Conditioning

A fourth mechanism of behavioral tolerance has been proposed
in which classical conditioning is invoked to account for acquired
resistance to drug effects (Siegel, 1975, 1976; 1977, 1978b).
According to this theory, envirommental cues which regularly pre~
cede drug administration serve as a conditioned stimulus (C8),
while the pharmacological effects of the drug serve as an uncondi-
tioned simulus (US) (cf. Pavlov, 1927). After repeated CS-US pair-
ings (repeated drug administration in the same environment), these
cues come to elicit a conditioned response. Siegel suggests that

this conditioned response involves homeostatic adjustments which
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allow the organism to compensate partially for the primary actions
of the drug. As the compensatory conditioned response increases in
magnitude with repeated pairings, the pharmacological effect of the
drug will be counteracted to a greater extent. Consequently, re-
peated administration of the same drug dose should elicit steadily
diminishing effects: One operational definition éf tolerance.

Initial Demonstrations. A variety of research lends support

to Siegel's model of behavioral tolerance. In an early study, con-
ceptually similar to that of Chen (1968), Adams, Yeh, Woods, and
Mitchell (1969) examined the effects of envirommental manipulations
on the development of tolerance to morphine. In two experiments,
these investigators found that experience with the drug in the test
environment (a hot-plate apparatus) enhanced the development of
tolerance to the analgesic effects of morphine. As in the studies
of Chen (1968) and LeBlanc et al. (1973) among animals equally ex-
posed to a drug, only those previously exposed to tﬁe drug while in
the test situation showed enhanced development of tolerance. This
drug-test interaction was evidenced in an additional experiment in
which animals experienced morphine effects in the presence of a
non-functional analgesiometric device, indicating that the toler-
ance observed was not due merely to practice of the response while
under the influence of the drug.

Siegel (1975) further examined this drug~test interaction

effect in an experiment designed specifically to test his
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conditioning theory of tolerance. In an initial study, three groups
of rats received three injections of morphine sulfate (5 mg/kg), at
48~h intervals, the environment paired with the drug being different
for each group. One group (M-HP) was exposed to a hot-plate anal-
gesia test following morphine administration, a second group (M-CP)
was injected with morphine and placed briefly on a non-functional
hot-plate apparatus, while the third group (M-CAGE) was merely in-
jected with morphine and returned to its home cage. A fourth group
(8~-HP) received saline injections followed by exposure to the hot
plate. When all animals were subsequently tested on a functional
hot plate, only the groups (M~HP, M-CP) for which the test environ-
ment had been paired with morphine effects demonstrated tolerance.
That the M-HP and M-CP groups were equally tolerant indicated that
practice in making the paw-lick response (the measure of analgesia
used) did not contribute greatly to the tolerance observed.

Animals (M-CAGE) receiving morphine in equal amounts, but not paired
with the test environment, evidenced a level of analgesia equal to
that of animals (S-HP) receiving morphine for the first time in

the final tolerance test.

In addition to confirming the general findings of Adams et al.
(1969), Siegel included a manipulation designed to test a specific
prediction generated from his conditioning theory of tolerance.

If a classically conditioned compensatory response was indeed re-

sponsible for the observed tolerance, then presentation of the
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environmental cues alone, without drug administration, should evoke
a hyperalgesic response. In fact, Siegel reported that when the
M-HP group was subsequently exposed to the hot plate test following
an injection of saline, they showed just such a hyperalgesic re~
sponse.

Environmental Specificity. Siegel's model of behavioral

tolerance incorporates mechanisms which are quite different from
those traditionally thought to be associated with drug tolerance.
Specifically, it is asserted that one process which mediates toler-
ance is activated only in the presence of certain environmental
cues. Siegel (1976) provided further support for the environmental
specificity of morphine tolerance in a study in which two groups of
rats experienced morphine injections and énalgesia assessment in
dissimilar situations. One group received morphine in the home
colony room and was tested in paw-pressure device, while the other
group was transferred to a distinctive room, injected with morphine,
and tested on a hot-plate apparatus. Both groups received eight,
5 mg/kg doses of morphine (followed by analgesia assessment),
spaced at 48-h intervals and were then tested (in a counterbalanced
order) in both situations for tolerance to the drug. Siegel re-
ported that only animals tested in the environmment in which they
originally experienced the drug effects evidenced tolerance.

In a more recent study, Siegel (1978a, Exp. 1A) reported that

tolerance to the hyperthermic effects of morphine also showed
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environmental specificity. In this experiment, two groups of rats
were exposed to alternating injections of morphine (5 mg/kg) and
saline, one per day for a period of 20 days. On morphine days,

one group was transferred to a distinctive room, injected with mor-
phine and subjected to rectal temperature assessment at 10-min in-~
tervals for a 2-h period. Rats in the other group were returned

to their home cages following morphine injections and were other-
wise not treated. On saline days, the environments and procedures
were reversed for each group. A third group received daily saline
injections in both environments during the tolerance acquisition
period. Following this period, all animals were tested in the dis-
tinctive room, the saline control group receiving saline, and the
other two groups an injection of morphine. Consistent with Siegel's
theory, although both groups had previously been exposed to mor-
phine, the two environments, and the temperature assessment proce-
dures, only the group for which the distinctive room cues had been
previously paired with morphine effects showed tolerance to the
hyperthermic effects of morphine.

There is at least one alternative interpretation of such find-
ings. While the groups in Siegel's (1978a) study received equal
amounts of morphine, the group receiving morphine in the distinc-
tive room also experienced more handling and stimulation (e.g.,
rectal temperature measurement at 10-min intervals) than did ani-

mals merely injected and returned to the home cage. Recall that
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Kalant et al. have suggested that increased levels of functional
demand during drug exposure may enhance the development of toler-
ance. It may be argued that the animals that evidenced tolerance
did so not because of a classical conditioning process, but because
increased levels of functional demand (or stress, cf. Carder, 1978)
during drug exposure enhanced the rate of development of physiolo-
gical tolerance. A stronger demonstration of environmental speci-
ficity in Siegel's study would have involved further showing that
animals tolerant in the distinctive environment were not tolerant
in the home cage environment, a prediction which would not follow
from Kalant's model.

Siegel's evidence for a conditioning model of tolerance has
been criticized on other grounds. Specifically, Hayes and Mayer
(1978) have argued that in Siegel's early studies (1975, 1976) ex-
perimental and control groups received unequal exposure to the
analgesia testing environment or apparatus before the final tesf
for tolerance. Thus, competing responses due to fear, exploratory
behavior, etc., may have adulterated the measure of analgesia for
these animals, and contributed to between-group differences.

Some of the above criticisms were countered in an experiment
designed so that experimental and control animals experienced
equal exposure to the test environment and apparatus during condi-
tioning (Siegel, Hinson, & Krank, 1978). Throughout this experi¥

. ment, rats were individually housed in dark, sound-attenuating
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chambers and constantly exposed to white noise. The CS in this
study consisted of exposure to room lighting and relative quiet for
a 45-min period, and the US was an injection of morphine sulfate

(5 mg/kg). All animals in this study received equal exposure to
both the CS and the US; however, for one group, the complex CS was
specifically paired with the morphine injection, while for the other
group, the CS and US were explicitly unpaired. Two other groups re-—
ceived saline injections, paired or unpaired with the CS. Follow~
ing the tolerance acquisition phase (consisting of a maximum of

nine presentations of the CS and US), all animals were tested for
tolerance to the analgesic effects of morphine. In the presence of
the CS, the rats were tested on a hot-plate apparatus following an
injection of morphine. Siegel et al. reported that tolerance (as
evidenced by low levels of analgesia) was shown only by the animals
for which the CS had been repeatedly paired with morphine injections,
Animals in the unpaired group displayed levels of analgesia similar
to those of the saline control groups.

Compensatory Conditioned Responses. According to the hypothe-

sis proposed by Siegel, tolerance to a drug is due (at least in
part) to a classically conditioned response which counteracts the
primary effects of the drug. Thus, it is predicted that following
repeated pairings of enviromnmental stimuli with drug administration,
presentation of those cues not followed by drug administration (i.e.,

a CS—-alone trial) should elicit a measurable compensatory
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conditioned response. Siegel (1978b) has noted that when drugs are
used as unconditioned stimuli in classical conditioning experiments,
the conditioned response is often in a direction opposite that of
the primary pharmacological effect of the drug. For example, the
unconditioned response to epinephrine includes tachycardia, hyper-
glycemia, and decreased gastric secretion. Conditioned responses
reported to stimuli paired with epinephrine injections include
bradycardia, hypoglycemia, and increased gastric secretion. One
critical test of a conditioning theory of tolerance is the demon-
stration of such a conditioned response.

As previously noted, Siegel (1975, Exp. 2A) has reported a
conditioned hyperalgesic response to stimuli associated with in-
jections of morphine. Siegel additionally reported that rats show
a hypothermic response when presented with cues previously associa-
ted with morphine administration. Recall that in this experiment
(Siegel, 1978a) one group of rats had experienced repeated pairings
of the pharmacological effects of morphine with the environmental
cues of a distinctive room. Over the course of 10 drug administra-
tions in this environment, tolerance to the morphine-induced hyper-
thermia was observed. Another group of rats received saline injec-
tions in the distinctive room and experienced the drug effects in
their home cages, and showed no tolerance when subsequently tested
with morphine in the distinctive room. Siegel then administered

a placebo (saline) injection in the distinctive room to both these
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groups (and to a third group which had always received saline). As
predicted by a conditioning model of tolerance, the animals which
had received morphine injections paired with the distinctive room
cues showed a hypothermic response to the presentation of those
cues alone. The other groups manifested only the slight rise in
body temperature that characteristically followed a subcutaneous
injection of saline. Importantly, such compensatory conditioned
responses are not predicted by Kalant et al.'s model of behav—
iorally augmented tolerance and thus form an empirical basis for
discriminating between possible mechanisms involved in behavioral
tolerance.

Additional Pavlovian Manipulations. Siegel has further sug-

gested that manipulations known to affect Pavlovian conditioning
should influence the manifestation of tolerance in a predictable
fashion. Following Pavlovian acquisition of a conditioned response,
repeated presentation of the CS alone (i.e., not followed by the
US) can greatly weaken or extinguish that response. Siegel
reasoned that if morphine tolerance were, in fact, due to a clas-
sically conditioned compensatory respomse, repeated presentations
of the CS alone would result in extinction of the conditioned re-
sponse and loss of tolerance. This hypothesis was tested in two
similar experiments (Siegel, 1977, Exps. 1 and 2) in which rats
acquired tolerance to morphine following repeated pairings of

specific environmental cues with the pharmacological actions of
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the drug. After tolerance (assessed with a paw-pressure analgesio-
meter) developed, half of the animals were repeatedly exposed to
the drug administration cues alone, while the other half were left
undisturbed in their home cages. Siegel reported that in both
studies, the groups that received extinction trials showed less
tolerance than did the control groups, as would be predicted by a
conditioning theory of tolerance. In a similarly designed study
(Siegel, 1978a), it was shown that CS-alone presentations weakened
the tolerance acquired to the hyperthermic effects of morphiﬁe.
Siegel (1977, Exps. 3 and 4) has also reported that manipulations
involving partial reinforcement and latent inhibition affected
acquisition of tolerance to morphine in a manner consistent with
a model of tolerance based on classical conditioning.

Although the effects of these Pavlovian manipulations are con-
sistent with predictions offered by the laws of classical condi-
tioning, a problem common to the studies just cited is that experi-
mental and control groups were unequal with respect to handling,
number of injections, and experience with analgesiometric procedures
used, factors which might also influence the measures of tolerance
employed. For example, in Siegel's 1977 study, the stimulus com-
plex uniquely associated with the effects of morphine during acqui-
sition included not only the distinctive environmental cues, but
also the stimulation of handling, injection, and anélgesia measure-—

ment procedures. During the extinction phase, the experimental
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group repeatedly experienced this full array of stimulation (un-
accompanied by drug effects), while the control group remained
undisturbed in their home cages. However, such events as handling,
injections, and analgesia assessment serve not just as components
of the CS, but may have additional behavioral effects as well;
effects which may have contributed to the differences observed be-

tween extinction groups and control animals.

Tolerance and Learning

A variety of other evidence suggests that the development of
tolerance shares several characteristics with the acquisition of
learned responses. This evidence has been reviewed recently
(LeBlanc & Cappell, 1977; LeBlanc, Poulos, & Cappell, 1978; Siegel,
1978b) and will be outlined briefly below. Noting that tolerance
to opiates sometimes persists for long periods of time, Cochin
(1972) suggested that the processes involved may be similar to
those of long-term memory. Along these lines, it has been reported
that manipulations which appear to prevent consolidation of learn-
ing also interrupt the development of tolerance. Cortical ablation,
protein synthesis inhibition, serotonin depletion, and electrocon-
vulsive shock are treatments which appear to inhibit learning or
memory consolidation and also to retard the development of toler-
ance to various drugs. Though these findings are suggestive, they
do not unambiguously implicate learning in the development of drug

tolerance. The above findings may merely indicate that a
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physiologically and neurochemically intact nervous system is neces-—
sary for either the occurrence .of learning or the development of
tolerance.

The secondary effects of drug administration may include not
only tolerance (and dependence) but an enduring change in the or-
ganism which may alter further interaction with the drug. For
example, it has been reported that rats that had previously de-
veloped and lost tolerance to ethanol acquired tolerance at a
faster rate during subsequent cycles of exposure to the drug
(Kalant, LeBlanc, & Gibbins, 1971; Kalant, LeBlanc, Gibbins, &
Wilson, 1978). This similarity between the redevelopment of toler-
ance and the reacquisition of learned responses provides further,
albeit indirect, support for a mediating role of conditioning
processes. LeBlanc and Cappell (1975) have observed that when
tolerance initially develops following chronic exposure to a con-
sistent level of drug (as produced by pellet implantation or gas
inhalation techniques) reacquisition of tolerance appears not to be
enhanced. By contrast, in studies where improved reacquisition is
reported, drugs have been administered intermittently (&-<g-; via a
series of injections) during each tolerance development period.
LeBlanc and Cappell speculated that the basis for this discrepancy
is that "the frequent intermittent stimulation of the adaptive
process caused it to consolidate more effectively." Equally likely,

however, is that the repeated drug administrations involved in
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these studies represent repeated conditioning trials which facili-
tate subsequent relearning.

In summary, adaptation to drugs is generally considered to be
mediated by non-associative processes. That is, the metabolic or
cellular adjustments that render an organism less sensitive to a
drug's actions are thought to be dependent primarily on the extent
of contact between the drug and the physiological systems involved
{cf. Cicero, l978;‘Goldstein et al. 1974; Hug, 1972). There is a
growing body of evidence, however, that environmental or behavioral
manipulations can significantly influence the development or mani-
festation of drug tolerance. Although the mechanisms by which such
variables influence tolerance have yet to be determined, the studies
reviewed above indicate a possible role of an associative process
such as intrumental or classical conditioning. Additionally, it
appears that factors such as level of activity during drug exposure,
or past history of tolerance can influence the rate of development

of tolerance.

Present Study

The purpose of the present investigation was to examine the
influence of behavioral variables on the development of tolerance
to ethanol. Administration of ethanol and presentation of environ-
mental stimuli were scheduled such that the role of physiological
or metabolic tolerance was minimized, and so that specific tests

of a Pavlovian conditioning model of tolerance (Siegel, 1978b)
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could be conducted. These tests included determination of the en-
vironmental specificity of the observed tolerance, a test for com—
pensatory conditioned responses that might mediate tolerance, and
an assessment of the influence of extinction procedures on toler-
ance. Additionally, level of activity and stimulation were varied
between groups, in order to assess the possible contribution of
behaviorally augmented télerance (Kalant et al. 1971; Kalant, 1977).
Throughout the study, the drug's effect (and resistance to it)
was assessed by monitoring body temperature and motor capabilities.
Ethanol produces a dose-related fall in body temperature, reaching
a maximum some 60 to 90 min following administration (Freund, 1973;
Linakis & Cunningham, in press; Ritzmann & Tabakoff, 1976). This
hypothermia results from a combination of peripheral vasodilation
and disturbance of hypothalamic temperature regulating mechanisms.
depending upon the dose administered (Ritchie, 1974). Such thermal
responses have been used successfully to monitor development of
drug tolerance (Crabbe, Rigter, Vijter, & Strijbos, 1979; Ritzmann
& Tabakoff, 1976; Siegel, 1978a) and may be less sensitive than
some behavioral measures to motivational or practice effects. A
relatively low dose of ethanol was used throughout the study for
several reasons. When higher doses (2 to 3 g/kg) were chronically
administered in pilot studies, rats too frequently became ill, or
died. A lower dose (1.4 g/kg) was chosen for the present study to

avoid this problem, and to minimize development of metabolic or
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cellular tolerance due simply to exposure to the drug.

A rod-hanging test was used to assess the effect of ethanol on
motor capabilities. It was expected that the ataxia initially pro-
duced by ethanol would be reflected in an inability to balance on,
or hang from a metal rod. Pre-training on this task was included
to minimize the contribution of practice effects during the toler-
ance acquisition phase (cf. Moskowitz & Wapner, 1964).

The experiment consisted of four phases: (1) a tolerance ac-
quisition phase, (2) a series of tolerance_and conditioned response
tests, (3) an extinction phase, and (4) post—extinction tolerance
and conditioned response tests. During tolerance acquisition, in-
jections of ethanol were consistently paired with one set of dis-
tinctive environmental cues, while control injections of saline
were consistently paired with a different set of environmental cues.
Administration of drug and vehicle alternated, as did the injection
environment, and groups of rats were counterbalanced such that the
drug environment for one group was the saline enviromment for the
other. Of the three groups receiving ethanol during the tolerance
acquistion phase, one experienced temperature and motor testing
following both ethanol and saline injections,‘a second group ex-
perienced tests only after injections of ethanol,‘and the third
was tested only after injections of saline. Thus, although the
groups were equated for total exposure to ethanol and the‘condi—

tioning environments, they differed with respect to the level of
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activity and stimulation during drug exposure periods. A fourth
group experienced saline injections and testing in both environ-
ments during the acquisition phase.

Following the tolerance acquisition phase, all animals were
tested on two occasions for tolerance to ethanol, once in the en-
vironment which had previously been paired with drug effects, and
once in the environment previously paired with saline injections.

A difference in the level of tolerance between animals tested in
the presence of drug cues and animals tested in the presence of
saline cues should reflect the contribution of a conditioning mecha-
nism that is dependent upon specific environmental cues. Such a
difference would not be predicted by traditional theories of toler-
ance, or by a model invblving behavioral augmentation of tolerance.
The influence of varied levels of activity during drug exposure
should be illuminated by comparison of the levels of tolerance
evidenced by the three ethanol acquisition groups. Moreover, the
effects of repeated saline injections should be reflected in the
response of the group receiving saline throughout the acquisition
phase.

According to a conditioning analysis of tolerance, the cues
regularly paired with drug effects should elicit a conditioned
response which acts to mitigate the drug's primary pharmacological
actions. By exposing animals to these drug cues, not followed by

drug administration, the compensatory conditioned response should
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be observable in isolation. To test this prediction, all animals
received an injection of saline, half of each acquisition group in
the environment previously paired with ethanol, half in the environ-
ment paired with saline. A conditioning theory of tolerance would
be supported if the animals given a placebo injection in the drug
environment were more hyperthermic than animals tested in the

saline environment.

The conditioned response tests constituted the first day of an
extinction phase during which animals received only injections of
saline. Half of the animals experienced these injections in the
environment previously paired with drug effects, while the other
half received the injections iﬁ the environment previously paired
with saline. According to the conditioning hypothesis, animals
experiencing placebo injections in the drug enviromment should un-
dergo extinction of the compensatory conditioned response, and
hence lose tolerance. During the extinction phase, both extin-
guished and non-extinguished animals (in Group I) experienced an
equal amount of handling and injections so that the non-associative
effect of these manipulations should have been minimized. Follow-
ing the extinction trials, all animals received a post-extinction
tolerance test. For this test, animals were returned to the ori-
ginal drug environment, in which temperature and motor responses to

an injection of ethanol were assessed. A subsequent conditioned
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response test was performed by again returning all animals to the

drug environment and administering a placebo injection of saline.
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METHOD

Subjects

The subjects were 56 male albino rats from King Animal Labora-
tories, Inc., Oregon, Wisconsin, 60 days old at the beginning of the
experiment and weighing between 240 and 280 g. The animals were
housed in a temperature-controlled colony room with a 12-h light/dark
cycle. Water was always available to the rats in the home cages;
however, they were maintained on a mild food-deprivation schedule,
with each rat receiving 20-25 g of food (University of Oregon Rat
Chow) immediately following the habituation or conditioning period
each day. This procedure was adopted to reduce the chance of injec-
tion injury to the gastrointestinal system (cf. Lewis, Kunz, & Bell,

1966).

Apparatus

An electronic thermometer (Yellow Springs Instrument Co., Model
46) with a small flexible probe (YSI Model 402) was used to assess
rectal temperature. The rod-test apparatus consisted of a 47-cm
high, 18-cm wide, 20-cm deep wooden box. This box had a hardware
cloth floor, a clear Plexiglas top, and was open in front. A 1l.2-cm
diameter steel rod was mounted horizontally across the inside of the
box, 36 cm above the floor and 10 cm out from the back wall.

Two distinctive environments were used during the drug condi-

tioning trials and the subsequent tolerance tests. Environment A
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was a relatively spacious room (7.6 m long, 3.4 m wide, 5.9 m
high) well illuminated by overhead fluorescent lights. Background
noise (40 dB, re 20 uN/mz) was provided by the room's ventilation
system. Each rat was placed in a stainless steel cage (24 cm long,
17 cm wide, and 18 cm high) with mesh front and floor panels and
solid back and sides. These cages were identical to the home cages,
and were arranged in rows on a metal rack.

Environment B was the inside of a sound-deadened refrigerator
shell (.8 m long, .5 m wide, and 1.0 m high) which was dark except
for a 200-msec flash of a 7.5-W incandescent bulb at 4-sec intervals.
Background noise (65 dB, re 20 uN/mz) was provided by two ventila-
tion fans, and the click of a microswitch at 4-sec intervals. A
distinctive odor was added to Environment B by placing 7 g of ground
orange peel (Schilling) in an open dish on the floor of the chamber
prior to each trial. 1Inside the chamber the rats were housed indi-
vidually in clear plastic boxes (30 cm long, 18 cm wide, and 13 cm
high) arranged in rows on two shelves. Each box was covered with a
ventilated metal top and had a layer of clean wood chips on the
floor. Rats in Environment B were briefly exposed, during tempera-
ture measurement and rod tests, to the dimly-1it room in which the

sound-attenuating chamber was housed.

Procedure

A schedule of the procedures used during the experiment is
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outlined in Table 1. Following a 5-day quarantine period in the
Animal Care Department, the rats were distributed to individual
cages, and were handled (2 min/rat) and weighed daily for the next

5 days. Food deprivation began on the fourth handling day. The
sixth through tenth days following the quarantine period were habi-
tuation days, on which each rat experienced one temperature measure-
~ment, two rod-hanging trials, and was weighed. 1In order to habitu-
ate the animals to injection procedures, each rat also received a
.5-ml injection of saline (i.p.), approximately 20 min after the
temperature measurement.

For the acquisition phase of the experiment, the rats were
randomly distributed to the groups diagrammed in Table 2. Rats in
Groups I, II, and III (N = 16/group) consistently experienced the
effects of an injection of ethanol in one environment, and the ef-
fects of an injection of saline in the alternate environment. Dur-
ing the tolerance acquisition phase, the animals were injected at
48-h intervals, with injections alternating between saline and etha-
nol. On days between injection days, the rats were left undisturbed
(with the exception of feeding) in their home cages. The animals
were run in four squads of 14. Conditioning days for Squads 1 and
2 were rest days for Squads 3 and 4, and vice versa. Squads 1 and
3 received conditioning and test trials in the mornings, whereas

Squads 2 and 4 received these trials in the afternoons.
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Table 1. An outline of the experimental schedule.

DAYS PROCEDURES

1-5 Handling

6-10 Habituation to measurements and
procedures

11-66 Tolerance Acquistion Phase:

Alternating saline and ethanol
conditioning trials at 48-h

intervals (14 sets)
67-68 First tolerance test
69-72 One set of saline and ethanol

conditioning trials
73-74 Second tolerance test

75-78 One set of saline and ethanol
conditioning trials

79-80 Conditioned response test

81-104 Extinction Phase:
12 saline trials at 48-h intervals

105-106 Post—-extinction tolerance test

107-108 Post-extinction conditioned response
test
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Table 2. A summary of group treatments during the experiment. For
the tolerance test, half of each acquisition group were tested in

the environment previously paired with the drug, and half were tested
in the environment previously paired with saline. A = Environment A
B = Environment B; (+) = ethanol injection; (-) = saline injection;
and underlined letter (e.g. A) indicates that following injections in
this environment, the animals experienced temperature and motor tests

Acquisition Tolerance CR Extinction Post-extinction
Group (n) Phase Tests Test Phase Tests
1 2 Tolerance CR
At B+ A- A= At A-
Ia (8) At /[ B-
B+ & B i At A-
A Bt A A- B B-
Ib (8) B+ /.éf
Bt A B- B B B-
A+ B+ A- A- A+ A-
ITa (8) A+ / B-
Bt Av B B- At A-
é+ B+ é_-— A~ _§+ E—
IIb (8) B+ / A-
B+ A+ B B- B B
At B+ A- A~ A+ A-
IIIa (8) A+ / B-
B A B- B~ A A-
A B A A- B B
IIIb (8) B+ / A-
B+ A+ B B B+ B-
é+ B+ é— é— A+ A~
IVa (4) A- / B=
B+ A+ B- B- A+ A-
At BF A A B+ B
IVb (4) B- / A-
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Groups I, II, and III differed with respect to the amount of
handling and stimulation experienced during the drug and saline
conditioning periods. Rats in Groups Ia and TIb experienced re-
peated handling and stimulation (temperature measurement and
rod-hanging tests) during the 135-min period following injections
in both environments. Groups IIa and IIb experienced temperature
measurement and rod tests only following injections in the drug
environments, while Groups IIIa and IIIb received this additional
handling only following injections in the saline environments.
Within each acquisition group, treatments were counterbalanced such
that one half of the rats consistently experienced injections of
ethanol in Environment A and injections of saline in Environment B,
while the other half experienced the drug and saline injections in
the opposite environments. An additional group of rats (Group IV,
N = 8) experienced saline injections, followed by temperatﬁre
assessment and rod tests, in both environments (see Table 2).

On conditioning days, body temperatures were measured in the
colony room 60 min prior to injections. Additionally, each rat's
weight was recorded at this time. Approximately 15 min before in-
jections, rats scheduled for Environment B were placed into small
individual carrying boxes, and rats scheduled for Environment A
were placed into metal cages on the transfer rack. The animals
were then transferred to their scheduled environments. Injections

were administered at 1.5-min intervals to animals in Environment A,
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then to animals in Environment B. Throughout the experiment, all
ethanol injections were 1.4 g/kg (as a 20% v/v solution), adminis-
tered intraperitoneally. Saline injection volumes corresponded to
those for a 1.4 g/kg ethanol injection (8.86 ml/kg). All solutions
were maintained and injected at room Cemperature. Following the
135-min conditioning period, the animals were transferred back to
their home cages in the colony room, where they received their daily
food ration.

Rats in the groups not handled following injections were left
undisturbed during the conditioning period. In other groups, body
temperature was measured immediately before, and at 30, 60, 90, and
120 min following the injection. Additionally, following tempera-
ture measurement at the 60 and 120 min intervals, these animals
experienced two rod-hanging tests.

Body temperatures were measured by inserting the lubricated tip
of a small thermistor probe 4 cm into the animal's rectum. The
animal was held gently against the experimenter's coat and a reading
(to the nearest 10th of a degree, Celsius) was taken 30 sec follow-
ing insertion of the probe.

Rod-hanging tests were conducted in the following manner. To
begin each trial, the rat was placed in the rod-test apparatus with
its front legs draped over the horizontal rod, and its rear legs
hanging below. The animal was then released and the time spent on

the bar (up to a maximum of 15 sec) was measured with a stopwatch
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to the nearest second. The second rod test began 5 sec after the
end of the first.

After 14 pairs of saline and ethanol acquisition trials, tests
for the environmental specificity of tolerance were administered
(Table 2, column 3). For these tests, each of the six acquisition
groups was further divided into two groups, matched for their ther-
mic response to the drug on the last three ethanol acquisition
trials. One subgroup was transferred to the environment previously
associated with ethanol (i.e., one-half of Groups Ia, Ila, and IIla
was transferred to Environment A), while the other subgroup was
transferred to the saline environment (i.e., one-half of Groups Ia,
ITa, and Illa was transferred to Environment B). Animals in Groups
IVa and IVb were similarly distributed. All animals were then in-
jected with ethanol (1.4 g/kg) and their body temperatures and
rod-hanging capabilities were assessed. The first tolerance test
was administered 48 h after the last acquisition trial. Following
this first tolerance test, an additional set of saline and ethanol
conditioning trials was administered. A second tolerance test was
then administered, identical to the first, except that the groups
receiving drug in the drug environment in the first test now re-
ceived ethanol in the saline enviromment, and vice versa.

Following an additional set of saline and ethanol conditioning
trials (see Table 1), a conditioned response test was administered.

For this test, each acquisition group was redivided into two groups
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(see Table 2, column 4) equated for order of exposure to drug and
saline environment on the previous tolerance tests. For the con-
ditioned response test, all the animals received én injection of
saline, one group in the saline enviroﬁment, one group in the drug
environment. During all tolerance and conditioned-response tests,
temperatures were measured at 0, 30, 60, 90, and 120 min, and
rod-hanging tests were administered at 60 and 120 min following in-
jections, for all animals.

In the extinction phase of the study (Table 2, column 5) no
ethanol was administered, and all animals received injections of
saline, at 48-h intervals. In this phase the "extinction" groups
experienced 12 saline injections in the environment previously as-
sociated with ethanol effects, while the "control" groups received
an equal number of saline injections in the saline environment.
During the extinction phase of the experiment, groups experienced
the temperature and motor tests only if in the environment in which
these tests were given during acquisition (see Table 2). For ex—
ample, in Group II, only "extinction" animals underwent temperature
and motor tests during the post-injection periods.

A post-extinction tolerance test was administered 48-h after the
last extinction trial. During this 135-min test, all animals re-
ceived an ethanol injection in the environment originally associated
with drug effects. A post-extinction conditioned response test was

administered 48-h after the tolerance test. All animals were again
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returned to their original drug environment, and injected with a
placebo (saline). During all tolerance tests and conditioned re-
sponse tests, the animals remained in the test enviponment for 135
min following the injections, and all rats experienced temperature

measurements and rod tests.
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RESULTS

Six rats were discarded due to death or illness during the
course of the experiment. Two rats from Group IIIb and one from
Group IIla were discarded in the last week of the acquisition phase.
One rat from Group IIb died just prior to.the extinction phase; one
rat from Group Ia and one from Group Ib were discarded during the
extinction phase. In the following statistical analyses, group
means were substituted for any animal's missing scores and the de-
grees of freedom associated with each error term were reduced ap-
propriately for purposes of determining critical values.

The results will be outlined in five major sections, ordered to
correspond to the chronology of treatments imposed during the experi-
ment. The first section details the patterns of responding observed
in the acquisition phase, and is followed secondly by the tolerance
test results and thirdly by the findings of the conditioned response
test. The fourth major section outlines the extinction phase re-
sults and is followed by a description of responding in the post-ex-
tinction tolerance and conditioned response tests.

Four measures were used to assess the effects of repeated injec-
tions of ethanol and saline during all phases of the experiment:

(1) Pre-trial body temperatures were measured in the colony room

60-min prior to injectiomns (colony room temperatures), and in the

conditioning environments immediately before injections (pre-injection
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temperatures); (2) Post-injection temperatures were assessed at 305

60, 90, and 120 min following injections; (3) Temperature change

(pre-injection temperature minus post-injection temperature) at each
time interval was also calculated. (4) 1In addition to these phy-

siological measures, rod-hanging tests were administered at 60 and

120 min following injections. Pre-trial temperatures, temperature
change scores, and rod-test scores will be presented in detail in
this section, while post-injection temperatures will be detailed in
Appendix B.

Body weights increased gradually during the experiment, for all
groups, and are presented in Appendix A. There were no significant
weight differences between groups during the acquisition phase, the
extinction phase, or on any of the test days. Ambient temperatures
in the conditioning environments were monitored throughout the
study, and are also detailed in Appendix A. Environment B was

generally about 2-3° C warmer than Environment A.

Acquisition Phase

During the acquisition phase of the study Groups I, II, and III
experienced alternating injections of sa