
&p.1:Abstract The present experiments were conducted to in-
vestigate the effects of four cannabimimetics on detailed
temporal parameters of operant responding. In this study,
the behavioral output during performance of a fixed ratio
5 schedule of reinforcement was recorded by a computer
program that measured the response initiation time (IT;
time interval between the offset of one lever press and the
onset of the next) and the response duration (the amount
of time that elapses from the onset to the offset of one le-
ver press) of each lever press. ITs were further parti-
tioned into fast responses (IT=0.0–1.0 s), short pauses
(IT=1.0–2.5 s), and long pauses (IT>2.5 s). Four cannabi-
mimetic agents were assessed in this study: (R)-methan-
andamide (AM 356), a hydrolytically stable analog of
arachidonylethanolamide, an endogenous ligand for the
CB1 receptor; CP-55,940, a potent non-classical synthet-
ic ligand; (−)-∆8-tetrahydrocannabinol (∆8-THC), an iso-
mer of the naturally occurring ∆9-THC; and WIN
55,212-2, a synthetic aminoalkylindole. All four of the
cannabimimetic drugs tested significantly suppressed op-
erant lever pressing in a dose dependent manner. The
rank order of potencies observed in the present study was
CP-55,940>>WIN-55,212-2>∆8-THC>AM 356, which is
consistent with the rank order of affinities for the CB1 re-
ceptor shown by these drugs. All of the cannabimimetics
substantially increased average IT, and also increased du-
ration time. There was a substantial increase in average
length of long pauses, and statistically significant but
very small changes in the local rate of responding as
measured by the average length of fast ITs. Cannabinoid-
treated rats were largely immobile during pauses in re-
sponding, and these animals showed several signs of
ataxia and catalepsy at the doses that suppressed lever
pressing. Together with other data, the present results
suggest that CB1 stimulation leads to motor effects that
are associated with a suppression of lever pressing.
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Introduction

In 1964, ∆9-tetrahydrocannabinol (∆9-THC) was identified
as being the principal active component of marijuana (Ga-
oni and Mechoulam 1964). This discovery and behavioral
tests of newly developed high-potency synthetic canna-
binoids led to the search for a specific cannabinoid recep-
tor site. It was reported by Devane et al. (1988) that canna-
binoids bind to a specific G-protein coupled receptor, and
subsequently the cDNA of the cannabinoid receptor (CB1)
was isolated from rat cerebral cortex (Matsuda et al.
1990). This receptor shares over 97% sequence identity
with the human CB1 receptor (Gerard et al. 1990). Using
the high affinity radiolabeled ligand [3H]CP-55,940, Her-
kenham et al. (1990) revealed the localization of CB1 re-
ceptors throughout the rat brain. Areas with the greatest
density of cannabinoid receptors include the substantia ni-
gra pars reticulata, the basal ganglia, the cerebellum, and
the hippocampus. The cerebral cortex and the caudate-put-
amen also contain a moderate number of CB1 receptors.

With these important discoveries has come a renewed
interest in determining the behavioral effects of drugs that
act upon cannabinoid receptors. Previous researchers
have examined the antinociceptive effects of cannabi-
mimetics in various species (Compton et al. 1991; Cook
et al. 1995; Hohmann et al. 1995; Lichtman et al. 1995;
Martin et al. 1995), spatial memory in rodents (Lichtman
et al. 1995), and body temperature (Martin et al. 1981;
Compton et al. 1991; Lichtman et al. 1995). Several in-
vestigations have focused upon the motor effects of can-
nabimimetics, and studies have shown that these drugs
suppress locomotor activity (Martin et al. 1981; Compton
et al. 1991; Crawley et al. 1993; Romero et al. 1995), and
induce catalepsy (Gough and Olley 1977; Pertwee et al.
1988; Compton et al. 1991; Prescott et al. 1992; Rodri-
guez de Fonesca et al. 1994; Lichtman et al. 1995). Al-
though the anatomical basis of the motor effects of can-
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nabimimetics is uncertain, it has been suggested that bas-
al ganglia mechanisms are involved (Gough and Olley
1977). Within the rat basal ganglia CB1 receptors have
been identified on striatal projection neurons (Herkenham
et al. 1991), and cannabimimetics have been shown to at-
tenuate D1-receptor mediated rotational behavior in ro-
dents (Anderson et al. 1995). Collectively, these findings
suggest that cannabimimetics produce motor effects by
CB1 receptor stimulation in the basal ganglia.

In addition to suppressing locomotion and inducing
catalepsy, cannabinoid agonists have been shown to im-
pair lever pressing at moderate/high doses (Boyd et al.
1963; Frankenheim et al. 1971; Martin et al. 1981; Hil-
tunen et al. 1989; Paule et al. 1991; Smith 1991; Wiley et
al. 1995). Typically, the only parameter of response out-
put reported in these studies is response rate. However,
recent research has emphasized the use of additional pa-
rameters, such as interresponse times, initiation times,
and response duration, for characterizing lever pressing
performance (Faustman and Fowler 1983; Fowler and
Liao 1994). For example, measures of interresponse time
and response duration have been used to distinguish be-
tween the effects of extinction and dopamine antagonism
or depletion upon lever pressing (Faustman and Fowler
1983; Salamone et al. 1995). It has been suggested that
drug-induced increases in response duration could be
used as a marker of bradykinesia or catalepsy (Fowler
and Liao 1994; Carriero et al. 1997). In recent studies,
our laboratory has employed a detailed temporal charac-
terization of operant responding to assess the motor ef-
fects of dopamine antagonists (Salamone et al. 1993),
dopamine depletion (Sokolowski and Salamone 1994;
Salamone et al. 1995; Cousins and Salamone 1996a, b)
and cholinomimetics (Carriero et al. 1997). The present
experiments were conducted to investigate the effects of
cannabimimetics on detailed temporal parameters of op-
erant responding in the adult male rat. In some recent
studies, detailed analyses of interresponse times (i.e.,
time from onset of one response to onset of the next re-
sponse) were performed (Salamone et al. 1993; Soko-
lowski and Salamone 1994). In the present study, the be-
havioral output during performance of a fixed ratio 5
(FR5) schedule of reinforcement was recorded by a BA-
SIC computer program that measured the response initi-
ation time(IT) (i.e., the time interval between the offset
of one lever press and the onset of the next), and the re-
sponse duration(DURT) (i.e., the amount of time that
elapses from the onset to the offset of one lever press),
for each lever press (for review, see Cousins and Salam-
one 1996a, b). ITs were further partitioned into fast re-
sponses(IT=0.0–1.0 s), short pauses(IT=1.0–2.5 s), and
long pauses(IT>2.5 s; see Carriero et al. 1997).

The cannabimimetic agents assessed in this study were
four agonist drugs: (R)-methanandamide (AM 356), a hy-
drolytically stable analog of arachidonylethanolamide, an
endogenous ligand for the CB1 receptor (Romero et al.
1996); CP-55,940, a potent non-classical synthetic ligand
(for review, see Makriyannis and Rapaka 1990); (−)-∆8-
tetrahydrocannabinol (∆8-THC), an isomer of the natural-

ly occurring ∆9-THC; and (+)-WIN 55,212-2, a synthetic
aminoalkylindole (Compton et al. 1992).

Materials and methods

Subjects

Male albino rats (total n=28, Harlan Sprague Dawley, Indianapo-
lis, Ind., USA) were used for these experiments. Animals were
group housed in a vivarium with a 12-h light/dark cycle (lights on
at 0700 hours) and a constant temperature of 23º C. Average
weights at the onset of the study were 320–380 g. Rats were food-
deprived to 85% of their free-feeding body weights and remained
food-deprived throughout the study. Water was available ad lib-
itum. These experiments were approved by the university animal
care committee that supervises the care and use of animals.

Pharmacological agents

A total of four cannabimimetic drugs were used; AM 356 (MW
361.6) and ∆8-THC (MW 314.5) were synthesized in the laboratory
(A. Makriyannis), while CP-55,940 (MW 376.6) and WIN 55,212-2
(MW 426.0) were kindly donated by Pfizer and Sterling Winthrop, re-
spectively. The cannabimimetics were dissolved in dimethylsulfoxide
(DMSO), suspended in Tween 80, and brought to volume with 0.9%
physiological saline (1:2:7). Drugs were prepared for IP injection in a
volume of 1.0 ml/kg. For a control treatment, rats were injected with
the same vehicle used for dissolving and suspending the drug.

Behavioral procedures

All training and testing was conducted in operant chambers
(28×23×23 cm). Prior to testing, animals underwent several phases
of operant training. Animals were magazine trained for 1 day, and
then were trained on a continuous reinforcement schedule (CRF) for
1 week, in which each lever press resulted in one 45 mg pellet (Bio-
Serve, Frenchtown, N.J., USA). After CRF training, rats were shift-
ed to a fixed ratio 5 schedule (FR5) in which five lever presses were
required to receive one pellet. Rats were trained on the FR5 sched-
ule for a minimum of 2 weeks prior to the initiation of drug testing.

Various behavioral measures were recorded during each oper-
ant session by a BASIC computer program written specifically for
the FR5 task. In addition to recording the total number of lever
presses per rat per session, more detailed parameters of response
were recorded. The temporal characteristics of responding were
analyzed by partitioning the session time into two components: re-
sponse initiation time(IT) (the time from the release of one lever
press to the initial deflection of the next) and response duration
(DURT) (the time during which the lever is deflected). From
these, the average IT and DURT were calculated. ITs were further
divided into three components: fast responses(<1.0 s initiation
time), short pauses(1.0–2.5 s), and long pauses(>2.5 s). Total ITs
and average length of ITs (the total divided by the number of initi-
ation times) were calculated for fast responses, short pauses and
long pauses. Fast responses were also counted as being within one
of eight time bins, each representing an interval of 125 ms. This
further analysis was conducted because most of the ITs that oc-
curred under baseline or control conditions were within the fast re-
sponse category, and the analysis of 125-ms bins allowed for a de-
tailed characterization of these fast responses. Duration times were
also sorted into 125-ms time bins.

Experiments

Rats were trained to perform the operant task as described above.
Daily baseline training sessions continued on those days that were
not drug treatment days until the experiment was completed. Within
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each experiment a repeated measures design was used, with each
rat received all drug treatments (one injection per week) in a ran-
domly varied order. The 30-min operant test session was initiated
10 min after drug administration (the 10-min interval was based up-
on pilot data). In each of the four experiments, there were six drug
treatments: AM356 (vehicle, 0.625, 1.25, 2.5, 5.0, and 10.0 mg/kg),
CP-55,940 (vehicle, 0.031, 0.0625, 0.125, 0.25, and 0.5 mg/kg), ∆8-
THC (vehicle, 0.625, 1.25, 2.5, 5.0, and 10.0 mg/kg), and WIN
55,212-2 (vehicle, 0.156, 0.3125, 0.625, 1.25, and 2.5 mg/kg).

Data analysis

Repeated measures analysis of variance (ANOVA) was used to ana-
lyze the total number of lever presses. Raw data were log trans-
formed prior to conducting statistical tests if the homogeneity of
variance assumption for ANOVA was violated. Planned comparisons
were used to test for differences between each drug dose and the ve-
hicle-control condition (Keppel 1982). Additional parameters of re-
sponding (average IT, average DURT, the number and average length
of fast responses, short pauses and long pauses) were analyzed in
two ways. Data on the various behavioral parameters were analyzed
by linear regression methods, in which the relation between dose and
behavioral response was determined; a significant F value from the
regression analysis (i.e., General Linear Model, Systat 5.0) was inter-
preted as a significant effect of drug treatment. In addition, behavior-
al data were analyzed using repeated measures t-tests, comparing
each drug dose to the vehicle-control as a planned comparison (Kep-
pel 1982). Each dose was compared with control separately because
at higher doses of several drugs several animals had zero lever press-
es. Therefore all measures of responding could not be obtained for
all animals at all doses. Consistent with the method described by
Keppel (1982), the analyses of each drug dose to control involved
five planned comparisons (significance level=0.05; approximate fam-
ilywise error=0.20), with the exception of CP-55,940 which had four
comparisons and a familywise error of 0.20. For graphic depiction of
the IT and DURT bins, data in each bin were expressed as a propor-
tion of the total number of fast responses and fast durations, respec-
tively, so that the relative frequency distributions of fast responses
and durations could be examined. This method was employed to ad-
just for treatment differences in the total number of fast responses
and durations in order for the relative frequency distributions of fast
ITs and DURTs to be examined (see Salamone et al. 1993; Cousins
and Salamone 1996; Carriero et al. 1998). The distributions of re-
sponse ITs and DURTs were analyzed by testing for significant dif-
ferences between the proportions obtained in each bin (Bruning and
Kintz 1987), with each dose being tested against the vehicle-control.

Because of the large number of comparisons for AM356, ∆8-THC,
and WIN 55,212-2 (5 comparisons×8 bins=40), the significance level
was set at P=0.005 (familywise error of 0.20 divided by 40). Similar-
ly, the significance level for CP-55,940 was set at P=0.006 (family-
wise error of 0.20 divided by 32; 4 comparisons×8 bins).

Results

Experiment 1: effect of AM 356 administration
on lever pressing

The effect of AM 356 on the total number of lever press-
es is shown in Fig. 1. AM 356 produced a decrease in the
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Fig. 1 Mean (±SEM) number of lever presses under control con-
ditions (0 mg/kg) and various doses of cannabinoid agonists (dos-
es expressed on a log scale). Note that the dose-response curves
for each drug are roughly parallel. See text for exact doses used
for each study. ● AM 356, ■ CP-55,940, ▲ ∆8-THC, ▼ WIN
55,212-2&/fig.c:

Table 1 Average DURT and average IT. Absolute number, percentage and length of fast responses, short pauses and long pauses.
Means (±SEM) for each parameter are shown&/tbl.c:&tbl.b:

Parameter Dose AM356 (mg/kg)

Vehicle (n=6) 0.625 (n=6) 1.25 (n=6) 2.5 (n=6) 5.0 (n=6) 10.0 (n=6)

Average DURT 0.25 (0.01) 0.248 (0.01) 0.258 (0.01) 0.257 (0.01) 0.293 (0.02) 0.457* (0.06)#

Average IT 0.966 (0.09) 1.12 (0.20) 0.934 (0.05) 1.33* (0.17) 1.48 (0.21) 10.04* (3.08)#

Percent fast responses 76.36 (0.88) 75.47 (1.84) 77.36 (1.04) 74.76 (2.78) 72.72 (2.80) 68.59 (4.12)#

Percent short pauses 16.70 (0.92) 16.34 (0.76) 14.70 (0.81) 14.54* (0.91) 15.55 (2.22) 17.57 (2.12)

Percent long pauses 6.45 (1.15) 8.19 (1.86) 7.94 (1.04) 10.69 (1.92) 11.72 (1.64) 13.84 (2.97)#

average length of 0.17 (0.02) 0.17 (0.02) 0.16 (0.02) 0.19 (0.03) 0.19 (0.03) 0.24* (0.02)#
fast responses (s)

Average length of 1.69 (0.04) 1.67 (0.04) 1.72 (0.03) 1.71 (0.02) 1.64 (0.01) 1.65 (0.04)
short pauses (s)

Average length of 8.60 (1.40) 10.36 (3.99) 7.36 (0.63) 8.95 (0.68) 8.82 (0.97) 74.57* (30.43)#
long pauses (s)

* P<0.05, different from vehicle
# P<0.05, regression analysis&/tbl.b:



number of lever presses [F(5, 25)=13.0, P<0.0001].
Planned comparisons indicated that only the high dose of
10.0 mg/kg differed from vehicle (P<0.05). Table 1
shows the effect of AM 356 on the average response du-
ration. AM 356 produced a significant increase in re-
sponse duration at the high dose of 10.0 mg/kg [t(5)=4.0,
P<0.05]. The relative distribution of response duration
times within each of the eight 125-ms time bins was ana-
lyzed (Fig. 2a). AM 356 produced a significant decrease
in fast response DURTs (i.e., 0–125 ms) and a significant

increase in the proportion of longer response DURTs
(e.g., 375–500 ms).

AM 356 administration significantly increased the aver-
age initiation time (Table 1). Table 1 also depicts the effect
of AM 356 administration on the breakdown components
of response initiation times. AM356 significantly decreased
the number of responses in all three categories (i.e., fast,
short and long pauses; data not shown). In addition,
AM356 significantly decreased the percentage of fast re-
sponses and increased the percentage of long pauses.
AM356 produced a statistically significant but small in-
crease (i.e., about 50%) in the average length of fast re-
sponses, which indicates a slight decrease in the local rate
of responding. In addition, AM356 produced a substantial
increase (about 900%) in the average length of long pauses.
Figure 3a shows the relative distribution of response initia-
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Fig. 2 A–D Relative frequency distributions of response duration
times (expressed as proportion of total within each bin) for injec-
tions of vehicle and each dose of cannabinoid agonist. A AM 356.
B CP 55,940. C ∆8-THC. D WIN 55,212-2. *P<0.05, different
from control in that time bin&/fig.c:



tion times within each of the eight 125-ms time bins. Al-
though the basic distribution of fast initiation times was
similar for each drug treatment condition (e.g., mode in the
first time bin), AM 356 produced small but significant al-
terations in the proportion of responses in some time bins.
Similar effects on initiation time bins were induced by the
other three cannabinoids (see below). In addition, it was
observed for AM 356 and the other three cannabimimetics
that drug-treated rats consumed all the operant pellets in the
food dish, even if the rats showed suppressed responding.

Experiment 2: effect of CP-55,940 administration
on lever pressing

The effect of CP-55,940 on the total number of lever
presses are shown in Fig. 1. CP-55,940 produced a po-
tent dose-related decrease in the total number of lever
presses [F(4, 28)=13.193, P<0.0001]. Planned compari-
sons indicated that the 0.125 mg/kg, and 0.25 mg/kg and
0.5 mg/kg doses significantly differed from vehicle
(P<0.05). Table 2 shows the effect of CP-55,940 on the
average response duration (only one rat treated with 0.5
mg/kg showed any responses, so this dose was excluded
from any additional analyses). CP-55,940 produced a
significant increase in response duration at the following
doses: 0.031 mg/kg [t(7)=2.4, P<0.05]; 0.0625 mg/kg
[t(6)=4.3, P<0.01]; 0.125 mg/kg [t(7)=3.8, P<0.01]; and
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Fig. 3 A–D Relative frequency distributions of response initiation
times (expressed as proportion of total within each bin) for injec-
tions of vehicle and each dose of cannabinoid agonist. A AM 356.
B CP 55,940. C ∆8-THC. D WIN 55,212-2. *P<0.05, different
from control in that time bin&/fig.c:



0.25 mg/kg [t(5)=4.7, P<0.01]. The relative distribution
of response duration times within each of the eight 125-
ms time bins was analyzed and are displayed in Fig. 2b.
CP-55,940 significantly suppressed the relative number
of response durations in the fastest bin (i.e., 0–125 ms),
and increased the proportion of durations in slower bin
categories (i.e., 375–1000 ms). In addition, the high dose
of CP-55,940 shifted the modal duration from bin 2
(125–250 ms) to bins 3 and 4 (250–500 ms).

CP-55,940 produced a significant increase in the aver-
age response initiation time (Table 2). In Table 2, the ef-
fect of CP-55,940 administration on the breakdown com-
ponents of response initiation times can be seen. CP-
55,940 significantly decreased the number of responses
in all three categories (i.e., fast, short and long pauses;
data not shown). In addition, CP-55,940 significantly de-
creased the percentage of fast responses in a dose-related
manner, and increased the percentage of long pauses at
the second highest dose (0.125 mg/kg). CP-55,940 pro-
duced no statistically significant change in the average
length of fast responses. Nevertheless, CP-55,940 did
produce a substantial increase (about 80-fold) in the av-
erage length of long pauses. Figure 3b shows the relative
distribution of response initiation times within each of
the eight 125-ms time bins.

Experiment 3: effect of ∆8-THC administration
on lever pressing

The effect of ∆8-THC on the total number of lever press-
es is shown in Fig. 1. ∆8-THC produced a dose-related
decrease in the number of lever presses [F(5, 35)=7.7,
P<0.0001]. Planned comparisons revealed that the doses
of 5.0 mg/kg and 10.0 mg/kg ∆8-THC significantly dif-
fered from vehicle (P<0.05). Table 3 shows the effect of
∆8-THC on the average response duration. ∆8-THC did
not produce a significant increase in duration at any

dose. However, a linear regression analysis demonstrated
that, across all drug conditions, there was a significant
linear relation between dose and duration (P<0.05), with
the significant positive slope indicating that increasing
drug dose led to increased response durations. The rela-
tive distribution of response duration times within each
of the eight 125-ms time bins was analyzed and depicted
in Fig. 2c. The highest dose of ∆8-THC produced a sig-
nificant increase in the relative number of response dura-
tions in bins 4, 5 and 6 (375–750 ms).

Administration of ∆8-THC significantly increased the
average initiation time (Table 3). The effects of this drug
on the various components of the response initiation time
also are shown in Table 3. ∆8-THC significantly de-
creased the number of responses in all three categories
(i.e., fast, short and long pauses; data not shown). ∆8-
THC significantly decreased the percentage of fast re-
sponses, and had an effect on the percentage of long
pauses that approached statistical significance (P=0.57).
∆8-THC produced a statistically significant but small in-
crease (i.e., about 50%) in the average length of fast re-
sponses, which indicates a slight decrease in the local
rate of responding. In addition, this drug produced a sub-
stantial increase (about 50-fold) in the average length of
long pauses. Figure 3c shows the relative distribution of
response initiation times within each of the eight 125-ms
time bins.

Experiment 4: effects of WIN 55,212-2 administration
on lever pressing

The effect of WIN 55,212-2 on the total number of lever
presses is shown in Fig. 1. WIN 55,212-2 produced a
significant decrease in the number of lever presses [F(5,
25)=22.0, P<0.0001]. Planned comparisons revealed that
the doses of 1.25 mg/kg and 2.5 mg/kg dose differed sig-
nificantly from vehicle (P<0.05). Table 4 shows the ef-
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Table 2 Average DURT and average IT. Absolute number, percentage and length of fast responses, short pauses and long pauses.
Means (±SEM) for each parameter are shown&/tbl.c:&tbl.b:

Parameter Dose CP-55,940 (mg/kg)

Vehicle (n=8) 0.031 (n=8) 0.0625 (n=7) 0.125 (n=8) 0.25 (n=6)

Average DURT 0.31 (0.02) 0.364* (0.03) 0.454* (0.05) 0.645* (0.11) 1.16* (0.24)#

Average IT 0.923 (0.06) 1.08 (0.10) 2.02* (0.48) 11.55* (4.0) 140.74* (92.7)#

Percent fast responses 74.54 (2.47) 74.54 (2.10) 63.78 (10.10) 63.52* (6.45) 43.23 (13.12)

Percent short pauses 17.10 (2.34) 14.46 (1.82) 12.10 (3.22) 18.69 (4.20) 11.43 (4.55)

Percent long pauses 8.36 (1.45) 11.00 (1.87) 11.62 (2.84) 17.79* (3.25) 20.34 (11.65)

Average length of 0.18 (0.02) 0.17 (0.01) 0.17 (0.02) 0.22 (0.04) 0.21 (0.04)
fast responses (s)

Average length of 1.73 (0.04) 1.71 (0.03) 1.64 (0.03) 1.59* (0.03) 1.73 (0.15)
short pauses (s)

Average length of 6.71 (1.08) 7.38 (0.98) 13.55* (2.60) 71.53* (25.04) 531.9* (159.0)#
long pauses (s)

* P<0.05, different from vehicle
# P<0.05, regression analysis&/tbl.b:



fect of WIN 55,212-2 on the average response duration.
WIN 55,212-2 produced a significant increase in re-
sponse duration at 1.25 mg/kg [t(5)=5.0, P<0.01]. The
relative distribution of response duration times within
each of the eight 125-ms time bins was analyzed (Fig.
2d). WIN 55,212-2 produced a significant decrease in
the fast response DURTs (0–125 ms) and a significant
increase in the slow response DURTs.

Injections of WIN 55,212-2 significantly increased
the average initiation time (Table 4). This table also
shows the effect of this drug on the various components
of the response initiation time. WIN 55,212-2 signifi-
cantly decreased the number of responses in all three cat-
egories (i.e., fast, short and long pauses; data not shown).
WIN 55,212-2 significantly decreased the percentage of
fast responses, and significantly increased the percentage

153

of long pauses. WIN 55,212-2 produced a statistically
significant but small increase in the average length of
fast responses, which indicates a slight decrease in the
local rate of responding. In addition, this drug produced
a very large increase in the average length of long paus-
es. Figure 3d shows the relative distribution of response
initiation times within each of the eight 125-ms time
bins.

Discussion

All four of the cannabimimetic drugs tested significantly
suppressed operant lever pressing in a dose dependent
manner. The present results suggest that the suppression
of lever pressing was related to an action on the CB1 can-

Table 3 Average DURT and average IT. Absolute number, percentage and length of fast responses, short pauses and long pauses.
Means (±SEM) for each parameter are shown&/tbl.c:&tbl.b:

Parameter Dose ∆8-THC (mg/kg)

Vehicle (n=8) 0.625 (n=8) 1.25 (n=8) 2.5 (n=8) 5.0 (n=7) 10.0 (n=5)

Average DURT 0.319 (0.02) 0.293 (0.02) 0.30 (0.02) 0.343 (0.04) 0.667 (0.19) 0.942 (0.31)#

Average IT 1.06 (0.06) 45.97 (44.83) 1.85* (0.38) 3.29* (0.45) 95.30* (83.96) 96.44 (88.03)#

Percent fast responses 77.57 (1.84) 69.81 (10.04) 74.93 (1.75) 74.05 (2.38) 54.33 (9.94) 53.03 (15.74)#

Percent short pauses 11.72 (1.28) 14.44 (5.34) 13.62 (2.01) 15.38 (1.99) 25.28* (5.52) 14.48 (5.28)#

Percent long pauses 10.71 (1.52) 15.74 (5.05) 11.44 (1.61) 10.57 (1.88) 20.39 (5.22) 32.49 (17.64)

Average length of 0.14 (0.02) 0.14 (0.02) 0.14 (0.01) 0.16 (0.01) 0.21* (0.01) 0.18 (0.08)#
fast responses (s)

Average length of 1.76 (0.05) 1.66 (0.05) 1.69 (0.03) 1.57* (0.06) 1.72 (0.11) 1.53 (0.12)#
short pauses (s)

Average length of 7.92 (1.1) 119.3 (111.2) 15.86 (4.8) 34.90* (9.1) 318.48* (246.5) 164.6* (110.0)#
long pauses (s)

* P<0.05, different from vehicle
# P<0.05, regression analysis&/tbl.b:

Table 4 Average DURT and average IT. Absolute number, percentage and length of fast responses, short pauses and long pauses.
Means (±SEM) for each parameter are shown&/tbl.c:&tbl.b:

Parameter Dose WIN 55,212-2 (mg/kg)

Vehicle (n=6) 0.156 (n=6) 0.3125 (n=6) 0.625 (n=6) 1.25 (n=6) 2.50 (n=3)

Average DURT 0.348 (0.05) 0.342 (0.04) 0.322 (0.06) 0.50 (0.10) 0.867* (0.11) 0.427 (0.14)#

Average IT 0.883 (0.10) 0.933 (0.12) 1.02* (0.15) 4.17* (2.41) 107.34* (98.4) 450.59 (449.33)#

Percent fast responses 83.23 (2.0) 81.81 (2.4) 80.15 (3.4) 72.29* (3.7) 55.94 (12.7) 30.1 (30.1)*

Percent short pauses 9.23 (1.0) 9.77 (1.3) 10.04 (2.1) 10.98 (2.0) 13.86 (5.6) 1.49 (1.49)#

Percent long pauses 7.54 (1.3) 8.43 (1.6) 9.81 (1.8) 16.73* (2.5) 30.20* (14.1) 68.42 (31.6)#

Average length of 0.11 (0.01) 0.11 (0.01) 0.123 (0.01) 0.16* (0.01) 0.18 (0.03) 0.13 (n/a)#
fast responses (s)

Average length of 1.70 (0.05) 1.65 (0.04) 1.66 (0.04) 1.63 (0.05) 1.64 (0.05) 1.58 (n/a)
short pauses (s)

Average length of 9.13 (1.0) 9.03 (2.1) 8.25 (1.2) 18.59* (8.8) 195.67 (142.1) 1206.59 (593.0)#
long pauses (s)

* P<0.05, different from vehicle
# P<0.05, regression analysis
n/a=only one animal performed fast responses or short pauses&/tbl.b:



nabinoid receptor. The rank order of potency observed in
the present study was CP-55,940>>WIN-55,212-2>∆8-
THC>AM 356, which is consistent with the rank order of
affinities for the CB1 receptor shown by these drugs
(Compton et al. 1993). In a parallel study, it has been
demonstrated that the CB1 receptor antagonists AM 251
(1.0–4.0 mg/kg) and SR141716A (1.0 mg/kg) were able
partially to reverse the lever pressing deficits produced by
0.125 mg/kg of the high-potency CB1 agonist CP-55,940
(Aberman et al., submitted). Taken together, these results
indicate that stimulation of CB1 receptors can result in a
suppression of operant lever pressing. The fact that AM
356, a stable analogue of the endogenous cannabimimetic
ligand, suppressed lever pressing in a manner similar to
the other cannabimimetics suggests that endogenous can-
nabinoid compounds can have behavioral effects via stim-
ulation of the CB1 receptor.

The detailed behavioral methods used in the present
study allowed for a precise characterization of the pat-
tern of lever pressing suppression shown by cannabinoid
agonists. All four of the cannabimimetic drugs showed a
similar pattern of effects. Average response initiation
time was substantially increased in a dose-related man-
ner. In addition, there were significant increases in the
relative number and average length of long pauses, and
significant increases in response duration. These effects
are similar to those previously reported for ventrolateral
striatal dopamine depletions (Cousins and Salamone
1996a, b), the dopamine antagonist haloperidol (Carriero
1997), and the anticholinesterase tacrine (Carriero et al.
1997). However, in those other studies cholinergic stimu-
lation and dopamine antagonism also substantially af-
fected the local rate of response initiation within bursts
(e.g., 2.5-fold increases in average length of fast ITs, up
to 400 ms). In contrast, despite the fact that total num-
bers of responses were severely affected by cannabimi-
metic drugs, the local rate of response initiation (i.e., av-
erage length of fast responses) was not significantly al-
tered by CP 55-940, and was only minimally affected by
the other three cannabinoids (up to 180–240 ms). Al-
though statistically significant effects on the distribution
of response initiation times were observed after cannabi-
mimetic injection, these effects were small and inconsis-
tent compared to similar studies of tacrine, haloperidol
and pentobarbital (Carriero 1997; Carriero et al. 1997).
For example, haloperidol and tacrine produced large
(i.e., 15–50%) dose-related reductions in the relative
number of fast ITs in the first time bin. In the present
study, CP 55,940 and ∆8-THC did not reduce this mea-
sure in a consistent, dose-related manner, while AM-356
and WIN 55,212-2 produced only modest effects on this
measure (i.e., less than 15% reductions). In summary,
other studies with identical behavioral methods have
shown that the decrease in responding produced by pen-
tobarbital is characterized largely by a substantial de-
crease in the local rate of response initiation (i.e., in-
crease in the average length of fast responses, loss of
0–125 ms ITs), while tacrine and haloperidol lead to sub-
stantial decreases in the local rate of response initiation

as well as large increases in the average length of long
pauses (Carriero 1997; Carriero et al. 1997). In contrast,
cannabimimetic-treated rats show very long pauses in re-
sponding, yet during bursts of responding (i.e., fast ITs)
the local rate of response initiation is relatively normal.
These data suggest that various response-suppressing
drugs can be distinguished by the detailed temporal pat-
terns of their effects, and indicate that the suppression of
lever pressing produced by cannabimimetics was similar,
but not identical, to that produced by neuroleptics or
cholinomimetics.

The precise mechanisms underlying the cannabimi-
metic-induced suppression of lever pressing are unclear.
However, several lines of evidence indicate that cannabi-
mimetics suppressed lever pressing due to effects on mo-
tor function. Cannabimimetic-treated rats were observed
in the operant chambers during periods of non-respond-
ing, and it was noted that these rats were akinetic. The
substantial increase in average length of long pauses and
the presence of akinesia during these pauses are consis-
tent with previous reports that cannabimimetics increase
the amount of time spent immobile (Romero et al. 1995,
1996). In the present study, cannabimimetic-treated rats
also showed signs of sedation, ataxia, splayed hindlimbs
and poor forelimb placement (i.e., forelimbs placed
through the grid floor) during periods of non-responding.
These observations of ataxia are consistent with the clas-
sic work of Adams (e.g., Adams et al. 1941), who used
the dog ataxia test to assess structure-activity relations of
various cannabinoids. A few of the cannabimimetic-
treated rats were tested for catalepsy after the operant
sessions, and these rats all showed cataleptic immobility.
In addition, the cannabimimetic drugs all produced dose-
related increases in response duration. This measure is
thought to be related to bradykinesia or catalepsy (Liao
and Fowler 1990; Fowler and Liao 1994; Carriero et al.
1997). It has previously been noted that catalepsy occurs
concomitantly with the suppression of lever pressing in
cannabimimetic-treated rats (Martin et al. 1991). These
observations are consistent with previous studies show-
ing that cannabimimetics induce motor deficits at moder-
ate/high doses (Adams et al. 1941; Martin et al. 1981;
Pertwee et al. 1988, 1991; Compton et al. 1991; Prescott
et al. 1992; Crawley et al. 1993; Rodriguez de Fonesca et
al. 1994; Romero et al. 1995; Lichtman et al. 1995).

Although the anatomical basis of these effects is un-
certain, considerable evidence indicates that there is a
high concentration of CB1 receptors in basal ganglia ar-
eas. It has been suggested that cannabimimetics modulate
the GABAergic activity of striatonigral neurons (Richter
and Loscher 1994; Miller and Walker 1995) and that
they may modulate dopamine transmission in striatum
(Navarro et al. 1993; Souilhac et al. 1995). Studies in
which ∆9-THC is administered via intrastriatal or intrapal-
lidal injection have shown that ∆9-THC can induce cata-
lepsy in a dose dependent manner at these sites (Gough
and Olley 1978; Pertwee et al. 1991). Future investiga-
tions should explore the anatomical basis of the lever
pressing suppression induced by cannabinoid agonists.
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