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MANNING, F. J. Acute tolerance to the effects of delta-9-tetrahydrocannabinol on spaced responding by monkeys.
PHARMAC. BIOCHEM. BEHAV. 1(6) 665-671.1973. -- Rhesus monkeys were trained to lever press for food rein-
forcement on a differential-reinforcement-of-low-rates (DRL) schedule, then given six ditferent doses, per os, of A-9-
tetrahydrocannabinol (THC), ranging from 0.5-16 mg (0.07-2.86 mg/kg). Relative to vehicle placebos, all six doses
produced increases in both the number of unreinforced responses and the time required to obtain 60 reinforcements
and decreases in the median interresponse time. In addition, marked pausing occurred after the higher doses. In 20 of
24 drug sessions these performance changes were less prominent in the second half of the session. In a second experi-
ment the nature of this withinsession improvement was investigated by comparing performances beginning 3 hr after
THC ingestion, as in Experiment 1, with those beginning 4 hr afterwards. In all cases performance resembled those of
Fxperiment 1, suggesting that it is performance under the influence of THC rather than merc exposure to the drug that
is responsible for the marked improvement in performance observed during drug sessions.

Tetrahydrocannabinol DRI schedule Rhesus

RESEARCH on the behavioral effects of marihuana has
increased explosively in the few years since the isolation
and synthesis of a major active constituent, A-9-tetra-
hydrocannabinol (THC). This outpouring has banished
some myths about marihuana, but has also produced almost
as many new questions about the drug as it has answers.
The area of tolerance is one notable example. Human
marihuana devotees have often been less affected than
inexperienced users on experimental tasks (11,14, 19] but
they do not seem to require increasingly larger doses to
achieve desired subjective effects [11,19]. In fact, chronic
users typically appear more sensitive to these effects than
do inexperienced users. Non-human subjects have shown a
simi:ar inconsistency in this regard. Although increased
sens:tivity, or reverse tolerance has not yet been success-
fully demonstrated, repeated administrations of THC to
non-human subjects has produced dramatic attenuation of
drug effects on, for example, operant key-pecking by
pigeons [13] or lever pressing by rats [1] or chimpanzees
[7]1. On the other hand, tolerance to some effects has been
conspicuously absent |e.g., 10], even in animals showing

Tolerance

pronounced tolerance to one or more other effects [1, 8,
15].

The experiments reported below are the first of a series
aimed at specifying (a) the circumstances under which
tolerance may be expected to develop, and (b) the mecha-
nism underlying such tolerance as does develop.

EXPERIMENT 1

Three different laboratories [5, 6, 9] have indepen-
dently reported that the operant performance of chimpan-
zees maintained under differential-reinforcement-of-low-
rates schedules (DRL schedules) was disrupted by doses of
THC in the effective human dose range, which is far lower
than the range typically used with non-human subjects [8,
10, 13]. Although all three laboratories interpreted their
findings as suggesting that chimpanzees are exceptionally
wellsuited for research with THC, similar findings by
Pradhan, Bailey, and Ghosh [17] with rats suggest that it is
the DRL schedule instead which is so well-suited for THC
research. The experiment reported here, using rhesus
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monkeys, seems to favor this view, and at the same time
provides an example of very rapid tolerance to a-9-THC.
The nature of this tolerance is studied further in Experi-
ment Two.

Method

Animals. Four male rhesus monkeys (Macaca Mulatta)
were used. Three were older juveniles, weighing approxi-
mately 6 8 kg, and one (K681), slightly younger, weighed
5.6 kg. The older animals had previously participated in a
brief experiment utilizing a DRI schedule, but the young
monkey was experimentally naive. In addition. one of the
older juveniles (L28) had previously suffered extensive
ablation of orbitofrontal cortex. His data are included here
only because they are so similar to those of the other three
animals,

Appararus. Animals were individually housed in wire
cages enclosed in sound attenuating experimental chambers
(BRS-Foringer) constructed from 3.8 cm marine grade
harborite sealed with epoxy resin. Cage dimensions were
approximately 35 x 48 x 52 em. Doors to these chambers
were closed only during daily testing sessions. During these
sessions a portable intelligence panel was mounted on the
front of the animal's cage. This panel, contructed of fiber-
board with a stainless steel vencer. measured 43 x 43 cm.
Mounted 8 cm from the top, equidistant from the sides,
was a small pilot light with jeweled reflector. Directly
below this, a toggle switch extended 3.8 cm into the
monkey’s cage. Centered at the very bottom of the panel
was a circular hole, 8 ¢m in dia, through which the monkey
could reach a small reinforcement cup. At appropriate
occasions, 750 mg Noyes monkey food pellets were deliv-
cred to this cup. Programming and data recording were
accomplished from an adjacent room with solid state logic
modules, electromechanical counters, and a cumulative
recorder.

Procedure. All monkeys were tested five days per week.
Fach session lasted until the subject had obtained 60 food
pellets, or a maximum of 3 hr. After initial shaping a DRL
schedule was in effect for the balance of the experiment.
The length of the minimum reinforced interresponse time
was slowly increased to 60 sec. Data collected were session
length, total responses and interresponse times (IRT's). The
last of these were automatically grouped in 12-sec class
intervals (bins) for two animals and 6-sec class intervals for
the other two. When an animal showed stable performance
on this procedure (i.c., no change in modal IRT bin for 10
sessions), drug administration began.

Synthetic A-9-THC, supplied in ethanol by the National
Institute of Mental Health, was further diluted with ethanol
to yield concentrations such that the volume administered
was always 0.2 cc. Placebos consisted of 0.2 ¢¢ of ethanol.
Both THC doses and placebos were administered by inject-
ing the liquid into an 8 ¢m piece of banana and handing it
to the monkey to eat 3 hr before his session began. The
animals were always observed closely until they had at least
put the fruit into their mouths. Inspection of feces pans
under each cage never revealed any cvidence that the ba-
nana was rejected after observation had ceased. Six differ-
ent doses of a-9-THC were given to the monkeys, in a
different random order for each animal. Absolute dosing
was employed (i.e.. each animal received the same amount
of THC, regardless of body weight), and the doses formed a
geometric series from 0.5 mg to 16.0 mg. Table 1 shows
these doses, converted to relative dosage (mg/kg) for easier
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TABLE |

RELATIVE DOSES (mg/kg) AND THEIR ORDER OF
ADMINISTRATION FOR EACH ANIMAL

THC in mg/kg (order of receipt)

THC in mg H363 K681 H090 L28
0.5 0.07(5) 0.09 (4) 0.08 (3) 0.06 (3)
1.0 0.15 (H 0.18 (2) 0.17 (5) 0.13 (6)
2.0 0.29 (3) 0.36 (6) 0.33 (6) 0.26 (2)
4.0 0.59 (1) 0.71 (1) 0.67 (2) 0.52¢%5
8.0 LI8(2) 143 (5) 1.33 (4 1.04 (D
16.0 2.35 (6) 286 (3 267 (1) 2.08 (4

comparison to previous work, along with the orders of
administration. At least a week elapsed between successive
doses, and all non-drug sessions were placebo sessions.

Reswlts

Three summary measures of performance, session length,
median IRT, and errors (IRT’s<60 sec), were converted to
difference measures by subtracting from the values ob-
tained during the drug session the values obtained in the
immediately preccding placebo session. Table 2 displays the
difference measures obtained for each animal. With one
exception every drug administration in this study resulted
in an increase in errors and a decrease in median IRT. The
one exception was L 28, the heaviest animal in the study, at
the smallest dose, 0.5 mg. In relative terms, this monkey
received 0.07 mg/kg of THC, which is reputed to be the
minimally effective oral dose for humans [18]. The only
reliable dose-cffect relationship involved session length.
There was general tendency for the drug sessions to be
longer (i.e.. the monkeys took longer to obtain 60 pellets)
as dosage increased. This apparent relationship is mislead-
ing, however, since longer sessions may result from three
quite different changes in behavior. First, the subject may
shift his entire response distribution toward longer IRT’s.
Second, he may shift his distribution toward shorter IRT"s
and thereby increase his number of errors, each of which
may add up to 60 sec to his session time. Finally, he may
emit a few very long pauses or simply stop responding
altogether. The subjects in this experiment extended their
low dose session lengths only by making more errors, and
extended their high dose session lengths by 4 combination
of more errors and one or more very long pauses (greater
than 5 min). The latter were scen only at the 2 highest dose
levels employed. Thus the continuous increase in session
length as a function of dose is not produced by a single
continuous dose-dependent process, but by the overlapping
of two qualitatively different drug effects.

Figure 1 displays IRT distributions for all four animals
after three selected doses of THC (1. 4, and 16 mg). along
with the preceding placebo sessions. Omitted, for brevity
and clarity only, are data from sessions following 0.5, 2
and 8 mg. For two animals available instrumentation al-
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TABLE 2

DIFFERENCE SCORES (DRUG SESSIONS-PLACEBO SESSIONS) FOR EACH OF THREE PERFORMANCE
MEASURES AT EACH OF SIX DOSES OF THC FOR EACH OF FOUR RHESUS MONKEYS

Drug Session - Control Session

Errors Median IRT (sec) Session Length (sec)

THC (mg) H363 K681 H090 128 H363 K681 H090 L28 H363 K681 H090 1.28
0.5 34 20 37 -6 —4.2 -12.8 6.6 1.0 1465 3195 -827  -351
1.0 14 18 7 15 49 -42 6.6 -1.5 499 462 - 91 730
2.0 12 3 15 31 22 - 35 —4.3 39 709 186 550 1634
4.0 69 26 20 35 5.6 -10.7 -3.0 5.1 3420 1537 746 1345
8.0 57 * 39 23 4.7 - 04* -59 -2.2 2946  4334* 1324 5940

16.0 147 31 29 30 -8.5 -229 -5.0 =3.7 7311 3151 1026 5940

*K681 emitted only 10 responses

lowed collection of IRT’s in 6-sec bins, but in two others
12-sec bins were used. A leftward shift toward shorter
IRT’s is characteristic of THC sessions in all four sets of
graphs. This shift appears most clearly in the 2 cases with
6-sec IRT bins, but this is probably a measurement artifact
due to the magnitude of the shift itself being much closer
to 6 sec than 12 sec. That the shapes of the distributions
were not drastically changed by THC (i.e., they are still
unimodal, bell-shaped, and centered approximately
around the minimum reinforced IRT) suggests that the
DRL contingency was still exerting powerful control over
the animal’s behavior. The drug effect was primarily a sys-
tematic error in the direction of shorter IRT’s. Considerable
inter- and intra-animal variability (even more pronounced
when all 6 doses for each animal are considered) again
precludes any generalization relating magnitude of drug
effect to dose of THC.

Figure 2, which presents representative cumulative
records, reveals an additional characteristic of the effects of
THC on spaced responding: the distribution of errors is not
at all random. Instead, a marked within-session improve-
ment is obvious. In 20 of 24 sessions the majority of the
errors were committed before the subject gained half his 60
reinforcements. Averaging over all subjects and all drug
sessions, 68% of the total errors committed occurred in the
first half of the session and only 32% in the second half.

Discussion

In general, the results obtained conform quite well to
those reported in studies employing rat [17] and chimpan-
zee [5, 6, 9] subjects. This agreement emerges despite a
substantial number of procedural differences among these
studies. It is, in fact, difficult to specify common elements
in these 5 experiments besides the use of the DRL contin-
gency. Further testimony to the sensitivity of spaced
responding to THC lies in the very low dosages effective in
the present experiment. In three of the four subjects,
effects were produced by doses of less than 0.10 mg/kg.

This is very close to the minimum effective oral dose in
humans [18], and ten to one hundred times smaller than
the dosage effective in typical experiments with non-human
animals [8, 10, 13]. In this respect, the present results are
clearly at variance with the suggestions of some {6,9] that
the chimpanzee offers some unique advantage, in terms of
sensitivity, for the study of a-9-THC. The present results
are also in agreement with the findings of Cappell er al. [2],
who used a DRL schedule to assess the effects of A-9-THC
in humans. They are also consistent with anecdotal and
experimental reports [4,12] of “altered temporal percep-
tion” by human marihuana users (i.e., they report “60
seconds has passed™ after only 50 sec). The spaced respond-
ing generated by DRL schedules thus appears to provide an
excellent baseline for assessing the presence and nature of
tolerance to A-9-THC: the drug produces similar effects in a
variety of species, including man, and these arc seen at
doses as small or smaller than any heretofore reported.

The major new observation reported in this experiment
is that the increase in unreinforced responses produced by
THC is largely confined to the first half of the session
(approx. | hr). The drugged animal quite often had reat-
tained his baseline proficiency by the end of a single
60-reinforcement testing session. Experiment 2 addressed
the nature of this rapid recovery.

EXPERIMENT 2

The work described below was a rather simple test of
two of the most obvious possible explanations of the highly
skewed error distributions scen in Experiment One. It is
possible that the relative scarcity of errors beyond the first
hour of testing (3rd to 4th hour postingestion) closely
reflected the time course of the drug’s action- the resultant
of the interaction of absorption, metabolism, and excre-
tion. On the other hand, this within-session improvement
may have resulted from the interaction of the drugged
animal with his external environment, and may be viewed
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Frequency

6 SEC BINS 12 SEC BINS
Interresponse Times

IF1G. 1: Interresponse time distributions for each of the four animals (H363, HO90, K681, and L28) on 3 selected THC
days (solid lines) and their corresponding placebo days (dashed lines). Drug sessions displayed followed 1,4, and 16 mg.
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FIG. 2: Representative cumulative records, from two animals (K681 and L28), of performance under the DRL 60-sec schedule after placebo
and after A-9-THC.

as the adaptive response of a food-deprived organism to a contingencies as well may be gaincd by holding the former
suddenly decreased frequency of reinforcement. constant while varying the latter.

These two positions are of course not mutually exclu- Method
sive, but some measure of the relative importance of

exposure to THC per se and exposure to the reinforcement Animals. Three of the four monkeys from Experiment |
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FIG. 3: Cumulative records of the performances under the DRL 60-sec schedule of all three animals atter 0.75 mg/kg THC. 3 and 4 hr prior
to the beginning of the session. Arrow indicates one hr into session.

were used. Monkey L28 was not used in this experiment.
Monkey H090 had not received THC for a period of 6
months, and K681 and H363 had not received the drug for
3 weeks and 2 weceks respectively.

Apparatus and Procedures. These were identical to those
of Experiment 1 in all respects except the following.
Animals received only two treatment with a-9-THC, both
of which were doses of 0.75 mg/kg, PO. On one of these
two occasions, THC ingestion preceded the start of the
behavioral testing by 3 hr, as in Experiment 1. The start of
the other drug session followed ingestion by 4 hr. If the
peak of drug action occurs 3 hr or less after ingestion,
sessions starting at 4 hr after ingestion should be far less
disrupted by THC than those starting 3 hr after THC. For
two animals (K681 and H363) and the 3-hr delay condition
occurred before the 4 hr delay. For the other animal
(H090) conditions were reversed.

Resulrs

Figure 3 displays the cumulative records of all the rele-
vant sessions (performances after the placebos were highly
similar to those displayed in Fig. 2). It is clear from the
similarity of the 2 sets of records that delaying the onset of
behavioral testing until 4 hr after THC ingestion is consider-
ably less effective as a method of eliminating errors than is
allowing the monkey to interact with the contingencies of
reinforcement for that extra hour. In fact, analysis of
Table 3, which presents efficiency measures (reinforce-
ments per response) for each monkey during and after the
first hour of performance, suggests that an extra hour’s
exposure to THC fails to diminish its disruptive effects on
spaced responding at all: efficiency during the first hour of
the sessions starting 4 hr after THC ingestion is no better
than during the first hour of sessions beginning 3 hr after
ingestion. On the other hand, the cfficiency of every
monkey was considerably higher after one hour’s perfor-
mance, regardless of the time since THC ingestion.

TABLE 3

EFFICIENCY OF PERFORMANCE UNDER A DRL SCHEDULE
3 AND 4 HR AFTER INGESTION OF A” .- THC (0.75 mg/kg)

Reinforcements Per Response

3 Hr Delay 4 Hr Delay
S First Hr Aftter 1 Hr First Hr After 1 Hr
K681 drug 0.61 0.79 051 0.72
placebo 0.94 091 0.98 0.94
H363 drug .27 0.58 0.38 0.55
placebo 0.88 0.73 0.79 0.78
HO90 drug 0.75 0.83 (.65 0.87
placcbo 098 0.93 092 0.93

Discussion

This experiment provides a clear demonstration that the
rapid recovery from the disruptive effects of A-9-THC on
spaced responding by rhesus monkeys is not a result of
mere c¢xposure to the drug, but is critically dependent upon
the interaction of the subject with the reinforcement con-
tingencies. Under these circumstances the most parsimo-
nious explanation of the observed tolerance scems to be the
law of effect: the drugged monkey is controlled by the
same tendency to optimize reinforcement frequency as is
any other food-deprived organism. Decreases in reinforce-
ment density lead to compensatory adjustments in behav-
tor. In this view the rapid within-session improvement
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displayed by drugged subjects is a learning curve, much like
the rapid improvement shown by non-drugged animals
adapting to an increase in the length of the minimum
reinforced interresponse time. (We have, in fact, generated
cumulative records very similar to those in Fig. 3 merely by
changing from a DRL 60-sec schedule to a DRL 72-sec
schedule).

It is difficult to specify with confidence the relationship
between this rapid within-session tolerance and the slower
across-session tolerance observed by numerous other
investigators. It is undeniable that some pharmacological
tolerance to A-9-THC must occur, at least in the pigeon,
simply because it is difficult to imagine how learning could
underlie the upward shift in the lethal dose produced by
THC pretreatment [13]. However, it is also undeniable that
more than a few behavioral experiments are very difficult,
if not impossible, to explain on this basis alone. Carder and
Olson [3] for example have shown that rats administered
THC daily demonstrated tolerance to its suppressant effects
on bar pressing only if they were allowed to press while
drugged. Pirch and his colleagues {16] have shown that
THC enhanced the shuttle-box avoidance performance of
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some rats (those with poor baseline performances) and
decreased the performance of others (those with excellent
baseline performances). Only the rats in which acute
administration of THC resulted in decreased avoidance
showed any evidence of tolerance when injections were
continued. Finally, Ferraro (7] has reported that 2 mg/kg
A-9-THC produced large decreases in the operant response
rates of monkeys working for food under a variable-interval
schedule. Only when these rate decreases produced a signifi-
cant decrease in reinforcement frequency was tolerance
observed, and the lowered response rates which did increase
with repeated injections did so only until the baseline rein-
forcement frequency was reattained. Explanations of toler-
ance to THC which emphasize absorption, distribution,
metabolism, sensitivity of target tissue, or excretion all
handle these data, as well as those of the present experi-
ment, only with extreme difficulty. However, they are
entirely consistent with the learning hypothesis expressed
here, that a substantial proportion of tolerance to behav-
ioral effects of THC is due to the general tendency of
organisms to maximize reinforcement density.
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