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Abstract
Because Δ9-tetrahydrocannabinol (THC) has been a false negative in rat intravenous self-
administration procedures, evaluation of the abuse potential of candidate cannabinoid medications
has proved difficult. One lab group has successfully trained self-administration of the
aminoalkylindole WIN55,212-2 in rats; however, their results have not been independently
replicated. The purpose of this study was to extend their model by using a within-subjects design,
with the goal of establishing a robust method suitable for substitution testing of other
cannabinoids. Male Long-Evans rats were trained to self-administer WIN55,212-2 (0.01 mg/kg/
infusion) on a fixed ratio 3 schedule. Dose-effect curves for WIN55,212-2 were determined,
followed by vehicle substitution and a dose-effect curve with THC. WIN55,212-2 self-
administration was acquired; however, substitution with THC did not maintain responding above
vehicle levels. Dose-dependent attenuation by rimonabant confirmed CB1 receptor mediation of
WIN55,212-2’s reinforcing effects. Vehicle substitution resulted in a session-dependent decrease
in responding (i.e., extinction). While this study provides systematic replication of previous
studies, lack of substitution with THC is problematic and suggests that WIN55,212-2 self-
administration may be of limited usefulness as a screening tool for detection of the reinforcing
effects of potential cannabinoid medications. Clarification of underlying factors responsible for
failure of THC to maintain self-administration in cannabinoid-trained rats is needed.
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1.0 Introduction
Self-administration, an animal model of the reinforcing effects of drugs, has high predictive
validity for drugs that are abused by humans for their euphoric effects (Ator and Griffiths,
1987; Johanson and Balster, 1978). Consequently, intravenous (i.v.) self-administration has
become the “gold standard” in preclinical assessment of abuse liability and is a primary
method recommended by the U.S. Food and Drug Administration for use in screening novel
compounds (Food and Drug Administration, 2010). However, not all drugs abused by
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humans are self-administered by animals. Until a little over a decade ago, Δ9-
tetrahydrocannabinol (THC), the major psychoactive substituent of the marijuana plant, and
other cannabinoids were considered to be false negatives in this procedure (e.g., Mansbach
et al., 1994). In the early 2000s, Steven Goldberg’s group reported success in training
squirrel monkeys to self-administer THC (Justinova et al., 2003; Tanda et al., 2000); and
later, the endocannabinoids, anandamide (Justinova et al., 2005b) and 2-
arachidonoylglycerol (Justinova et al., 2011). Despite success in training nonhuman
primates to self-administer THC, robust i.v. self-administration of THC in rodents has not
been reported (although see Takahashi and Singer, 1979; 1980). Investigators have
demonstrated intracerebroventricular (i.c.v.) self-administration of THC and the bicyclic
synthetic cannabinoid, CP 55,940 (Braida et al., 2004a; Braida et al., 2001), and i.v. self-
administration of the aminoalkylindole cannabinoid, WIN 55,212-2, in rodents (Fattore et
al., 2001; Martellotta et al., 1998). Further, CB1 receptor mediation of the reinforcing effects
of these cannabinoids was suggested by reversal by the CB1 receptor antagonist rimonabant
(Braida et al., 2004a; Braida et al., 2001; Fattore et al., 2001). Conditioned place preference
does not offer a viable alternative, as results of this type of experiment have been
inconsistent with reports of both cannabinoid-induced preference (Lepore et al., 1995;
Valjent and Maldonado, 2000) and aversion/no effect (Chaperon et al., 1998; Cheer et al.,
2000). Although cannabinoids have not been widely investigated in intracranial self-
stimulation procedures, extant studies also report mixed results: both facilitation/rewarding
effects (Gardner et al., 1988) and anhedonic or no effect (Vlachou et al., 2005; Vlachou et
al., 2007).

Although a number of subsequent studies have reported use of WIN55,212-2 self-
administration to investigate various aspects of the reinforcing effects of cannabinoids
(Deiana et al., 2007; Fadda et al., 2006; Fattore et al., 2001; Fattore et al., 2007a; Fattore et
al., 2010; Fattore et al., 2007b; Martellotta et al., 1998; Mendizábal et al., 2006; Solinas et
al., 2007), all but one of these studies (Mendizábal et al., 2006) appear to have originated
from one prolific lab group at the University of Cagliari, Italy. Similarly, successful attempts
to train nonhuman primates to self-administer cannabinoids have been reported primarily by
one intramural lab group at the U.S. National Institute of Drug Abuse (Justinova et al., 2003;
Tanda et al., 2000). Hence, widespread availability of methods for evaluation of the
reinforcing effects of potential cannabinoid medications is lacking.

Establishment of self-administration as a robust model of the reinforcing effects of
cannabinoids requires replication by a number of lab groups and extension of the methods,
such that substitution testing of candidate medications can be undertaken in animals that
have a proven history of self-administration of the control cannabinoid. The need for such a
model is emphasized by two developments: renewed interest in investigation of plant-based
products and inhibitors of endocannabinoid metabolic enzymes as potential medications
(Hill et al., 2012; Mulvihill and Nomura, 2012; Pryce and Baker, 2012), and emergence of
synthetic cannabinoids as an abuse problem (Hu et al., 2011). The present study represents
an extension of seminal work by the Italian group on development of a WIN55,212-2 self-
administration procedure.

2.0 Materials and methods
2.1 Subjects

Eight male Long-Evans rats (PND50) were surgically implanted with indwelling jugular
catheters and attached to Quick Connect Harnesses (QCH-23, SAI Infusion Technologies) at
the vendor (Harlan, Dublin, VA). This strain of rat was chosen because it has been the most
commonly used strain in previous investigations of cannabinoid self-administration (Deiana
et al., 2007; Fadda et al., 2006; Fattore et al., 2001; Fattore et al., 2007a; Solinas et al.,
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2007). Upon arrival, the rats were individually housed in clear polycarbonate cages in a
temperature-controlled (20–22°C) environment with a 12h light-dark cycle (lights on at 6
a.m.). Catheters were flushed with 0.2ml sterile saline USP prior to each test session and
with 0.2ml post-flush solution (0.01% gentamicin, 0.03% heparin, 99.6% sterile saline USP)
post testing. Throughout the procedure, rats were maintained at ~90% of their free feeding
weight and were fed 15–20g of rat chow (Purina® Certified 5002, Barnes Supply, Durham,
NC) per day following testing. Rats had ad libitum access to water in their home cages at all
times. All experiments were carried out in accordance with guidelines published in the
Guide for the Care and Use of Laboratory Animals (National Research Council, 2011) and
were approved by the Institutional Animal Care and Use Committee at RTI.

2.2 Apparatus
Rats were trained and tested in standard operant conditioning chambers (ENV-007CT, Med
Associates, St. Albans, VT) housed in sound-attenuating cubicles (ENV-018V, Med
Associates). Each chamber had two retractable levers, with a stimulus light over each lever
and a house light mounted on the opposite wall near the top of the chamber. Fans provided
ventilation for each chamber and speakers provided ~80db of white noise. Infusion pumps
(PHM-100VS, Med Associates) were located outside the cubicle. A luered extension line
(EXT-36, SAI) was attached to a 20ml syringe at the infusion pump and fed through a small
hole in the cubicle where it was attached to a tether (QCT-12, SAI), supported by a swing
arm (PHM-110-SAI, Med Associates) and swivel (QCS-D, SAI) at the top of the operant
chamber. The tether was then connected directly to the quick connect harness on each rat.
The swing arm, swivel, tether and quick connect harness allowed the rats to move freely
inside the operant chamber. Infusion lines and tethers were flushed at the end of each test
day with 2.0 ml 80% ETOH (VWR, Radnor, PA), followed by 2.0 ml distilled water. MED-
PC software (Med Associates version 4.31) was used to control experimental events and
record data.

2.3 Drugs
Δ9-Tetrahydrocannabinol [THC] [National Institute on Drug Abuse (NIDA), Bethesda, MD]
and WIN55,212-2 (Cayman Chemical, Ann Arbor, MI) were suspended in a vehicle of 1%
Polysorbate 80 N.F. (VWR, Radnor, PA) and sterile saline USP (Butler Schein, Dublin,
OH). Rimonabant [SR141716] (NIDA) was suspended in a vehicle of 7.8% Polysorbate 80
and sterile saline. Concentrated stock solutions of WIN55,212-2 and THC were suspended
in a vehicle of 1% Polysorbate 80 and sterile saline, and this same vehicle of 1% Polysorbate
80 and sterile saline was used to dilute the stock solutions. When formulating THC, all
ethanol was evaporated off prior to making the concentrated stock solutions. Syringes were
kept in a dark refrigerator when not in use during the self-administration sessions to avoid
exposure to light. Solutions of all drugs were used for a maximum of one month after initial
formulation to avoid degradation. Doses of all drugs are expressed as mg/kg of the base.
WIN55,212-2 and THC were administered to the rats intravenously by infusion. Rimonabant
was injected intraperitoneally (i.p.) at a volume of 1 ml/kg 30 min prior to the start of the
session. Pre-session injection time was based upon our previous experience with this
compound. Post-flush solution components, gentamicin USP and heparin USP, were
purchased from Butler Schein.

2.4 Procedure
After one week of acclimation, rats were food deprived overnight and operant training
began. The rats were trained to lever press for WIN55,212-2 (0.01mg/kg/infusion). The first
four days of acquisition consisted of a 1-h autoshaping session followed approximately 90
min later by a 1-h self-administration fixed ratio 1 (FR1) schedule of reinforcement session.
Autoshaping was utilized in the present study to help initiate lever-pressing and to provide a

Lefever et al. Page 3

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



controlled baseline of behavior (Brown and Jenkins, 1968; Campbell et al., 2002). During
the autoshaping session, the active lever was extended at random intervals (30, 40, 50, 60,
70, 80 or 90 s). If the rat pressed the lever, or after 15 s passed, an infusion of the training
dose (0.1 ml of 0.01 mg/kg WIN55,212-2) was delivered and the active lever was retracted.
Autoshaping continued in this way for 15 min, with 10 infusions delivered during the
session. For the remaining 45 min, the active lever was retracted. Subsequently, rats were
removed from the chamber and placed in their home cages for 90–120 min until the start of
the self-administration session. During the self-administration session, the active lever
remained extended and each lever press resulted in delivery of an infusion. Throughout all
autoshaping and self-administration sessions, the inactive lever was extended. Presses on the
inactive lever were recorded, but had no consequence.

After five session of acquisition, autoshaping sessions were discontinued, and the daily self-
administration session was lengthened to 3 h for the remainder of the study. The value of the
FR remained at 1 for 3 additional sessions, followed by 3 sessions at FR2 and 10 sessions at
FR3 (the terminal FR). During each self-administration session, both levers were extended.
Whereas responses on the inactive lever had no programmed consequence, completing the
required number of responses (FR) on the active lever resulted in an infusion. Each infusion
delivered 0.1 ml of drug to the rat over a period of 3.4 s. Simultaneously, the stimulus lights
above both levers turned on. These lights remained on for 20 s. During this time, responses
on both levers were recorded, but an additional infusion could not be earned. Starting on the
6th session of FR3, 3 priming infusions were delivered before the start of each session for
the remainder of the study.

Following 10 sessions of self-administration training on FR3, dose-effect curves were
determined. Each dose was tested for five sessions, during which the session parameters
were identical to those described in the preceding paragraph. Throughout the course of the
study, assessment of the training dose of WIN55,212-2 was conducted periodically for a
total of eleven times. First, a dose-effect curve with WIN55,212-2 was determined followed
by tests with vehicle. Responding was allowed to stabilize during vehicle self-
administration. After completion of the first WIN55,212-2 dose-effect curve and vehicle
substitution/extinction procedure, self-administration of the training dose (0.01 mg/kg/
infusion WIN55,212-2) was reinstated for 5–7 sessions. Subsequently, rats were tested with
various doses of THC. The effects of pre-treatment with rimonabant, the prototypic CB1
receptor antagonist, on responding maintained by 0.01 mg/kg/infusion WIN55,212-2 was
evaluated next. Each antagonist dose (and controls) was evaluated twice. At the end of the
study, the dose-effect curve for WIN55,212-2 was re-determined. Finally, patency tests were
conducted at the conclusion of the study to confirm that catheters were still viable. For these
tests, 0.2 ml of 15 mg/ml morphine HCl, followed by 0.2 ml sterile saline USP, was
administered through the i.v. port and rats were observed for immediate effects. One rat died
before completing the initial dose-effect curve, and two rats never acquired WIN55,212-2
self-administration. The data from these rats were omitted from all analyses, resulting in n =
5 for all results.

2.5 Data Analysis
For each operant session, the mean (± SEM) number of infusions and numbers of responses
on the active and inactive levers were calculated. Individual subject data for control tests
with WIN55,212-2 are shown as the mean (± SEM) number of infusions/session for the last
two sessions of each evaluation of the training dose (Figure 1, bottom panel). For the dose-
effect curve functions for WIN55,212-2 and THC, data are presented as mean (± SEM)
number of infusions/session and/or mean (± SEM) number of presses on the active and
inactive levers for each of the five exposures to each drug concentration. Dose-effect
functions for infusions of WIN55,212-2 and THC were analyzed using separate two-way
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(dose X exposure) repeated-measures analysis of variance (ANOVA) across dose and
vehicle (Figure 2, left top and bottom panels, respectively). Active and inactive lever presses
were analyzed for WIN55,212-2 and THC dose-effect curves with separate within-subject
factorial (dose X lever X exposure) ANOVAs (Figure 2, right top and bottom panels,
respectively). Results for the vehicle substitution/extinction test were analyzed with a
repeated measures factorial (exposure day X lever) ANOVA (Figure 3, top panel). For the
antagonist tests (and controls), data are presented as mean (± SEM) number of infusions/
session for each rat, averaged over the two exposures to each condition. Results of
antagonist tests were analyzed with a two-way (infusion condition X pre-session injection)
repeated ANOVA (Figure 3, bottom panel). For each experimental unit, significant
ANOVAs were further analyzed with Tukey post hoc tests (α = 0.05) to specify differences
between means.

3.0 Results
The top panel of Figure 1 shows responding on the active and inactive levers during
acquisition of self-administration of 0.01 mg/kg/infusion WIN55,212-2. At the beginning of
the experiment, responding on both levers was very low. The number of presses on the
inactive lever was minimal across the entire acquisition period, averaging 11 or fewer lever
presses per session. Differential increases in responding on the active lever began on session
10, and daily pre-session priming infusions began on session 16. Increased responding on
the active lever was maintained throughout the FR3 segment of the acquisition period,
although individual variability in the magnitude of responding was considerable. Further,
between-subject variability remained high throughout the study, as seen in subsequent tests
with the training dose (Fig. 1, bottom panel). This dose of WIN55,212-2 (0.01 mg/kg) was
assessed eleven times over the course of the study. The mean number of infusions during the
last two sessions of WIN55,212-2 availability served as data for each of the tests. With the
exception of one rat (#514), the number of infusions was relatively stable across tests;
however, considerable variability in this measure was observed between the rats, with four
of the rats infusing substantially more WIN55,212-2 than the fifth rat during most sessions
(bottom panel). This between rat variability was also reflected in responding for vehicle
injections (left side, bottom panel).

Figure 2 shows results of determination of a dose-effect function for WIN 55,212-2 on two
occasions (top panels) and a dose-effect function for THC in the same rats (bottom panels).
Left panels show number of infusions of each compound and right panels show number of
presses on the active and inactive levers. Each dose was evaluated five times, with data
presented for each test. The first WIN55,212-2 dose-effect function (top panels, center
sections of X-axes) was conducted at the beginning of the study whereas the second one (top
panels, right sections of X-axes) was performed at the end of the study. In the first WIN
55,212-2 dose-effect function, the number of infusions was elevated by the 0.0056 and 0.01
mg/kg doses compared to the number of vehicle infusions (V1) on the corresponding
exposure. Significant increases occurred during the first exposure to each dose and during
the last 2–3 exposures for the 0.01 and 0.0056 mg/kg doses, respectively [dose X exposure
interaction: F(12,48) = 2.36, p<0.05, 1-β = 0.92]. In addition, a significant main effect of
dose was obtained for 0.0056 mg/kg versus vehicle [F(3,12) = 5.26, p<0.05, 1-β = 0.82]. At
a higher dose (0.03 mg/kg), the number of infusions did not differ from vehicle levels.
Because the descending limb of an inverted U-shaped function typically shows this pattern
(i.e., increased responding at lower doses and decreases at higher doses), lower WIN
55,212-2 doses were tested during the second dose-effect function in an attempt to capture
the ascending limb of the function. This attempt was successful, as the second WIN
55,212-2 dose-effect function exhibited the common inverted U-shaped curve, with peak
number of infusions occurring at the 0.003 mg/kg dose during the last four exposures
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(compared to corresponding vehicle exposure) [dose X exposure interaction: F(16,64) =
2.69, p<0.05, 1-β = 0.99]. Although significant increases in the number of infusions of each
of the other doses were also observed, these increases were confined to the final exposure
session and were primarily the result of decreases in the number of infusions of vehicle over
exposure session (i.e., extinction). As expected, number of presses on the active lever
mirrored results with number of infusion (top right panel). Statistically significant
differences between mean numbers of presses on the active lever (across all exposures for
each treatment condition) were observed at doses of 0.0056 and 0.01 mg/kg for the first
WIN55,212-2 dose-effect curve [dose X lever interaction: F(3,12) = 5.52, p<0.05, 1-β =
0.84] and at a dose of 0.003 mg/kg for the second WIN55,212-2 dose-effect curve [dose X
lever interaction: F(4,16) = 3.99, p<0.05, 1-β = 0.80]. In addition, the mean numbers of
presses on the active lever also exceeded those on the inactive lever at these doses, as well
as at the 0.001 and 0.01 mg/kg WIN55,212-2 doses in the second dose-effect curve. In
contrast, the number of infusions of THC did not significantly exceed the number of vehicle
infusions at any dose or for any exposure (Fig. 2, bottom left panel) [dose X exposure
interaction: F(20,80) = 1.32, p>0.05, 1-β = 0.83] nor did the number of presses on the active
lever at any THC dose exceed the number of active lever presses during vehicle sessions
(Fig. 2, bottom right panel). The overall number of presses on the active lever was
significantly greater than the overall number of presses on the inactive lever only at the 0.01
mg/kg dose of THC [dose X lever interaction: F(5,20) = 3.37, p<0.05, 1-β = 0.80].

The top panel of Figure 3 shows the results of substitution with vehicle for the WIN55,212-2
training dose over a period of 10 consecutive sessions. Extinction resulted in a session-
dependent decrease in responding on the active lever (beginning during session 2 of
extinction, compared to responding for WIN55,212-2 0.01 mg/kg/infusion) [exposure X
lever interaction: F(10,40) = 6.39, p<0.05, 1-β = 1.0] without alteration of responding on the
inactive lever across sessions. The number of active lever responses significantly exceeded
the number of presses on the inactive lever over the first three sessions of extinction and on
sessions 5 and 7. The bottom panel of Figure 3 shows the effects of rimonabant on the
number of infusions of vehicle or the training dose of WIN55,212-2 (left and right side of
panel, respectively). When pre-treated with vehicle, rats self-administered significantly more
infusions of WIN55,212-2 (0.01 mg/kg/infusion) than infusions of vehicle [pre-session
injection X infusion condition interaction: F(2,8) = 6.03, p<0.05, 1-β = 0.72]. Pre-treatment
with rimonabant dose-dependently attenuated responding for the training dose of
WIN55,212-2, with 1 mg/kg rimonabant significantly reducing the number of WIN55,212-2
infusions.

4.0 Discussion
Acquisition of WIN55,212-2 self-administration in naïve rats was successful, albeit
associated with considerable within-group variability in number of infusions/session that
continued (to a lesser extent) throughout the course of the study. Hence, self-administration
was not as robust as for other classes of self-administered drugs such as stimulants (e.g., see
Marusich et al., 2013). Nevertheless, when other WIN55,212-2 doses were substituted,
orderly dose-effect functions were obtained, with a descending limb evident in the first
determination and a full inverted U-shaped function observed in the second determination.
Maximal number of infusions for each dose tended to occur during later exposures, albeit
the concomitant decrease in vehicle infusions during later exposures (i.e., decrease in
comparison condition) may also have been a contributory factor to these results. Dose-
dependent reversal of WIN55,212-2’s reinforcing effects by pre-treatment with rimonabant
suggests CB1 receptor mediation. These results are consistent with those reported in
previous studies in which WIN55,212-2 self-administration was maintained under an FR1
schedule (Deiana et al., 2007; Fattore et al., 2001). However, the maximum mean number of
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WIN55,212-2 infusions in the current study exceeded those seen in previous cannabinoid
self-administration studies in rats, which may have been the result of the use of a higher FR
(i.e., FR3). In support of this hypothesis, previous research with other drugs of abuse has
shown that an increase in the FR requirement from FR1 to FR2, FR3, or FR5 is associated
with an increase in response rate and with maintenance or increase in the number of
infusions (Celentano et al., 2009; Chaudhri et al., 2006; Marusich and Bardo, 2009; Weeks,
1962). The same result was found for WIN55,212-2 in the present study, as shown by the
increase in responding and number of infusions as the FR value increased during
acquisition.

The number of vehicle infusions in the present study was also larger than reported
previously in at least one study (Fattore et al., 2001) [although not as great as the maximal
number of WIN22,212-2 infusions]. Not all of the other previous studies reported rates of
vehicle infusion, but rather, responding on the WIN55,212-2-associated lever was compared
to responding on the inactive lever (Deiana et al., 2007; Fattore et al., 2007a). For this
reason, an examination of responding on active versus inactive levers was undertaken in the
current study. Consistent with previous results, WIN55,212-2 produced more responding on
the active lever than on the inactive lever (see top right panel of Figure 2). Interestingly,
however, the number of responses on the active lever for vehicle was also higher than
responding on the inactive lever for 5 of 10 consecutive sessions during an extinction
procedure (Figure 3, top panel), suggesting that comparisons between active and inactive
lever presses (as used in the cited previous studies) is not the most appropriate measure of
self-administration of a compound. Rates of responding on the active lever may be affected
by factors other than the reinforcing effects of the drug, including non-drug cues (Marusich
et al., 2011), context (Alvers et al., 2012; Gipson et al., 2011), and the internal state of the
animal (e.g., stress) (Conrad et al., 2010). Therefore, a comparison of responding for drug
compared to vehicle is a more useful measure than inactive lever presses because this
comparison holds all associated variables constant except for the drug.

In this study, substitution tests with THC also serve to illustrate this point. Although the
overall number of active lever presses for the 0.01 mg/kg dose was significantly higher than
inactive lever presses at the same dose, the number of THC infusions was not greater than
the number of vehicle infusions at any dose, suggesting that THC was not reinforcing. The
failure of THC to maintain self-administration in rats, even with use of a cannabinoid as a
training drug, has several possible implications. Since humans and nonhuman primates
readily self-administer THC under certain experimental conditions (Justinova et al., 2005a;
Justinova et al., 2003), these results may suggest a species difference in sensitivity to the
reinforcing effects of THC. These results may also suggest that full and partial CB1 receptor
agonists (i.e., WIN55,212-2 and THC, respectively) (Breivogel and Childers, 2000) differ in
their reinforcing efficacies in rats, although THC was self-administered via i.c.v. infusion in
this species (Braida et al., 2004b). On the other hand, training conditions for i.v. cannabinoid
self-administration in rats may not yet be optimized. In nonhuman primates, this process
required research over a number of years before successful THC self-administration was
reported (reviewed in Justinova et al., 2005a).

In summary, successful i.v. self-administration of WIN55,212-2, an aminoalkylindole
cannabinoid, was acquired and maintained over the course of this study. Substitution of
other doses of WIN55,212-2 produced an inverted U-shaped dose-effect function which
resembled that obtained with cocaine in rats trained to self-administer this stimulant (e.g.,
see Marusich et al., 2013). Rimonabant dose-dependently attenuated the number of infusions
of the 0.01 mg/kg/infusion WIN55,212-2 training dose, suggesting CB1 receptor mediation
of WIN55,212-2’s reinforcing effects. In contrast, the partial agonist THC failed to maintain
self-administration above vehicle levels in the WIN55,212-2-trained rats. Vehicle
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substitution resulted in session-dependent decreases in responding on the active lever (i.e.,
extinction), with reinstatement upon substitution with WIN55,212-2. While cannabinoid
self-administration in rodents has been used fruitfully to examine factors that may affect the
reinforcing effects of cannabinoids (e.g., strain, sex, dose), it currently has limited
usefulness as a screening procedure for assessment of cannabinoid abuse liability in the
medication development process, as demonstrated by its failure to “detect” a positive control
(THC) in the present study and lack of substitution testing in previous studies. Clarification
of underlying factors responsible for failure of THC to maintain self-administration in
cannabinoid-trained rats will require additional research and is crucial for development of
this procedure as a screening tool for medications development.
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Highlights

Procedure for evaluation of reinforcing effects of cannabinoids in rodents is needed.

Rats self-administered WIN55,212-2 (WIN), with inverted U-shaped dose-response
curve.

WIN self-administration was attenuated by the CB1 receptor antagonist rimonabant.

Δ9-Tetrahydrocannabinol (THC) was not self-administered by WIN-trained rats.

Results suggest limited usefulness of this procedure for abuse liability assessment.
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Figure 1.
Top panel: Acquisition of i.v. self-administration of 0.01 mg/kg/infusion WIN55,212-2 in
adult male Long Evans rats. Number of presses on the active (filled symbols) and inactive
(unfilled symbols) levers is shown as a function of number of acquisition sessions and value
of the fixed ratio. Daily pre-session priming with 3 infusions of the training dose was
initiated on session 16, as indicated by the arrow, and continued throughout the remainder of
the experiment. Each point represents the mean (± SEM) number of lever presses for 5 rats.
Bottom panel: Number of infusions of 0.01 mg/kg/infusion WIN55,212-2 for individual
subjects during tests with the training dose or vehicle (left side of panel) throughout the
study. Each point represents the mean number of infusions (± SEM) for a single rat during
five sessions of WIN55,212-2 (0.01 mg/kg) or vehicle availability at 11 different times
across the study. Points above V1 and V2 represent mean number of infusions (± SEM) of
vehicle during separate exposures that occurred at two different time points during the study.
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Figure 2.
Substitution tests with various doses of WIN55,212-2 (top panels) and THC (bottom
panels). For both drugs, each of 5 substitution tests with each dose (occurring on 5
consecutive sessions) is shown. The top panels show number of infusions (left panel) and
active and inactive lever presses (right panel) as a function of WIN55,212-2 dose at the
beginning (center section, circles) and end of the experiment (right section, squares). Points
above V1 and V2 (left sections of each top panel) represent the results of control tests with
vehicle conducted prior to the start of the first and second dose-effect curve determinations,
respectively. The bottom panels show number of infusions of THC (left panel) and active
and inactive lever presses (right panel) as a function of THC dose (right section). Points
above Veh and WIN (left sections of each bottom panel) represent the results of control tests
with vehicle and the training dose (0.01 mg/kg/infusion WIN55,212-2), respectively,
conducted prior to the start of the dose-effect curve determination. In both right panels,
filled symbols represent responses on the active lever and unfilled symbols represent
responses on inactive lever. All values represent the mean (±SEM) of data from 5 rats. *P <
0.05 indicates significant dose X day (top left panel) or significant dose X lever (both right
panels) interaction and post hoc difference compared to mean rates of infusions or active
lever responding during the corresponding control test with vehicle. # P < 0.05 indicates
significant dose X lever interaction and post hoc difference compared to presses on the
inactive lever at the same dose. $ P < 0.05 indicates a significant main effect of dose.

Lefever et al. Page 13

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Top panel: Effects of substitution of vehicle for the WIN55,212-2 training dose over a
period of 10 consecutive sessions on lever presses on the active and inactive levers. At the
left side of the panel, responding during test sessions with WIN55,212-2 (0.01 mg/kg/
infusion) is shown for comparison purposes. All values represent the mean (±SEM) of data
from 5 rats. ANOVA revealed a significant interaction. Post-hoc analysis of the simple
effects: * indicates a significant difference (p < 0.05) in number of lever presses on the
active lever on a vehicle session compared to active lever presses during WIN55,212-2
sessions. # designates a significant difference (p < 0.05) between number of presses on the
active lever compared to the inactive lever during the same session. Bottom panel: Effects of
pre-session administration of rimonabant (0.1 and 1 mg/kg) on responding on the active
lever in rats trained to self-administer 0.01 mg/kg/infusion WIN55,212-2. The left side of
the top panel shows results of pre-session injections on number of infusions when vehicle
was available for infusion. The right side of the top panel shows results of the injections on
number of infusions when 0.01 mg/kg WIN55,212-2 was available for infusion. Values
represent the mean (±SEM) of data from 5 rats. ANOVA revealed a significant interaction.
Post-hoc analysis of the simple effects: * designates a significant (p < 0.05) difference
compared to the corresponding test with vehicle and # indicates a significant (p < 0.05)
difference compared to the training dose of WIN55,212-2.
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