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Abstract
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The cannabinoid receptor agonist delta9-tetrahydrocannabinol (THC) enhances the antinociceptive
effects of mu opioid receptor agonists, raising the possibility of using a combination of THC and
opioids for treating pain. This study examined the effects of noncontingent and contingent
administration of THC on i.v. heroin self-administration in rhesus monkeys. Self-administration of
different unit doses of heroin (0.0001–0.1 mg/kg/infusion) generated a typical inverted U-shaped
dose-response curve. In one experiment (n=4), noncontingent THC (0.1–1.0 mg/kg) dosedependently shifted the heroin dose-response curve downward in three monkeys and slightly
leftward in one monkey. In a second experiment (n=4), monkeys could self-administer THC alone
(0.0032–0.032 mg/kg/infusion), heroin alone, or a mixture of THC and heroin. THC alone did not
maintain responding above that obtained with saline; however, increasing the THC dose with
heroin dose-dependently decreased the number of infusions received and the rate of responding, as
compared to data that were obtained with heroin alone. These results indicate that THC does not
significantly enhance the positive reinforcing effects of heroin, further supporting the view that
combining cannabinoid and opioid receptor agonists (e.g., for treating pain) does not increase, and
might decrease, the abuse liability of the individual drugs.
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Chronic pain affects more Americans than cancer, heart disease, and diabetes combined
(Institute of Medicine, 2011) and the effective treatment of pain remains a significant unmet
public health problem. Mu opioid receptor agonists (e.g., oxycodone) remain the drugs of
choice for treating moderate to severe pain, although the clinical use of opioids is limited
both by unwanted effects (e.g., constipation, abuse) and by the ineffectiveness of opioids in
some patients (Gutstein and Akil, 2005). Despite many years of research and drug
development and growing concerns regarding the increased abuse of “prescription” opioids,
few effective options are available for treating chronic pain.
The cannabinoid system is a target for the development of new and possibly more effective
drugs for treating pain (Hosking and Zajicek 2008; Guindon and Hohmann 2009; Rahn and
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Hohmann, 2009; Welch, 2009). For example, the cannabinoid receptor agonist delta9tetrahydrocannabinol (THC) has antinociceptive effects in several nonhuman species
including mice (Welch and Stevens 1992), rats (Smith et al. 1998; Houser et al. 2000, De
Vry et al. 2004), and rhesus monkeys (Vivian et al. 1998) and in various different models of
nociception. The effectiveness of cannabinoid receptor agonists for treating pain in humans
is less well established (see Kraft, 2012 for review). However, in addition to any therapeutic
potential cannabinoid receptor agonists might exert when administered alone (e.g.,
Sativex®), it is possible that by combining a cannabinoid and an opioid, smaller doses of
each drug could be administered while still achieving an adequate therapeutic effect. The
need for smaller doses of each drug might also reduce the likelihood of adverse effects, as
compared with what occurs when larger doses of each drug are administered alone. Several
studies have examined the effects of cannabinoid and opioid receptor agonists administered
in combination. For example, acute administration of THC enhances the antinociceptive
effects of morphine in mice (Welch and Stevens 1992; Welch et al. 1995), rats (Finn et al.
2004; Smith et al. 2007), and rhesus monkeys (Li et al. 2008). However, because
cannabinoids (i.e., marijuana) and opioids (e.g., heroin) are each widely abused, one
potential concern is that combinations of cannabinoids and opioids might result in greater
abuse and dependence liability than either drug alone.
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Several studies have reported interactions between cannabinoid and opioid receptor agonists
and antagonists, although the data are not entirely consistent across laboratories and species.
For example, in humans, naltrexone increases (Haney et al. 2003; Cooper and Haney 2010),
has no effect (Greenwald and Stitzer 2000; Wachtel and de Wit 2000), or decreases (Haney
2007) the subjective effects of THC, depending on the history of marijuana use. Neither
morphine nor heroin alters the discriminative stimulus effects of THC in rhesus monkeys,
although THC markedly attenuates the discriminative stimulus effects of morphine and the
morphine-like discriminative stimulus effects of heroin (Li et al., 2008); these effects in
monkeys are not consistent with studies showing that several effects of cannabinoid and
opioid receptor agonists are mutually enhanced in rats (e.g., Solinas et al., 2005).
The current study examined potential interactions between THC and heroin using an
intravenous (i.v.) self-administration procedure in rhesus monkeys. Most studies that have
examined interactions between cannabinoid and opioid receptor agonists have administered
one or both of the drugs noncontingently (i.e., by the experimenter), although the
contingencies of drug administration can significantly affect the results obtained (Dworkin
et al. 1995; Galici et al. 2000; Lecca et al. 2007). In this study, heroin self-administration
was studied after a noncontingent injection of THC and also when THC and heroin were
combined in the same solution with the drug mixture administered contingently.
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Materials and methods
Subjects
Six rhesus monkeys (Macaca mulatta), 3 males (JA, AB, PE) and 3 females (MI, BE, AY),
weighed between 6 and 10 kg and were housed individually in stainless-steel cages with free
access to water. Monkeys received primate chow (High Protein Monkey Diet; Harlan
Teklad, Madison, WI), fresh fruit, and peanuts daily in amounts sufficient to maintain
normal age- and gender-appropriate body weights. Monkeys were maintained under a 14/10
h light/dark cycle with lights on at 0600 h. Animals used in these studies were maintained in
accordance with the Institutional Animal Care and Use Committee, The University of Texas
Health Science Center at San Antonio, and the 1996 Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animals Resources on Life Sciences, National
Research Council, National Academy of Sciences).
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Monkeys were anesthetized with 10 mg/kg of ketamine (s.c., Fort Dodge Laboratories, Fort
Dodge, IA) prior to intubation, after which anesthesia was maintained by halothane (Butler
Animal Health Supply, Grand Prairie, TX) and ventilation was sustained by the delivery of
oxygen at a flow rate of 2 l/min. A polyurethane catheter (SIMS Deltec Inc., St. Paul, MN)
was implanted in the jugular or femoral vein and connected to a s.c. vascular access port
(Access Technologies, Skokie, IL; MA and TO) according to methods described elsewhere
(Wojnicki et al. 1994). The catheter was exteriorized in the midscapular region for monkey
JA who wore a jacket (Lomir Biomedical Inc., Malone, NY); the access port, connected to
the catheter, was stored in a Velcro pocket in the jacket.
Apparatus
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During experimental sessions, subjects were seated in commercially available chairs (Model
R001; Primate Products, Miami, FL) that were placed in ventilated, sound-attenuating
chambers. Response panels located in each chamber contained response levers and stimulus
lights that could be illuminated red or green. Drugs were delivered i.v. by connecting
vascular ports to a 185-cm (7.45-ml) extension set (Abbott Laboratories, Stone Mountain,
GA) via 20-g Huber-point needles (Access Technologies, Skokie, IL). The opposing end of
the extension set was connected to a 30-ml syringe that was mounted in a syringe driver
(Razel Scientific Instruments, Inc., Stamford, CT) located outside the chambers. An
interface (Med Associates, Inc., East Fairfield, VT) connected panels to a computer which
controlled experimental events and recorded data.
Self-administration procedure
Monkeys were trained to self-administer heroin under a fixed ratio 30 schedule of i.v. drug
administration. When the green light located above the active lever (right lever for BE and
left lever for other monkeys) was illuminated, 30 responses on the active lever resulted in
the illumination of red lights for 2 s and an infusion of drug or vehicle followed by a 180 s
timeout period during which the chamber was dark and lever presses had no programmed
consequence. Responses on the inactive lever were recorded but had no programmed
consequence and sessions ended after 90 min.
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The effects of noncontingent THC on heroin self-administration were evaluated in 4
monkeys by determining dose-effect curves for heroin alone and in combination with THC.
A single dose of heroin (0.0001–0.1 mg/kg/infusion) was available in each daily session,
and this dose remained the same until it was studied in combination with all doses of THC.
Studies with a particular dose of heroin began with at least 3 consecutive sessions during
which that dose was available in the absence of other treatment. When the number of
infusions received per session did not exceed ± 20% of the average number of infusions
received for the last 3 sessions, studies commenced with THC whereby monkeys received a
noncontingent s.c. injection of THC (0.1, 0.32 or 1 mg/kg) 60 min before a single session. In
subsequent sessions, the same dose of heroin was available for self-administration in the
session until the same criteria (number of infusions received not exceeding ± 20% for 3
sessions) were satisfied and then a different dose of (noncontingent) THC was studied in a
single session. After THC testing was completed, saline was available for selfadministration (i.e., extinction) until the same criteria were satisfied. Next, a different dose
of heroin was available for self-administration, first alone then in combination with
noncontingent THC, according to the strategy described above. The order in which different
doses of THC were studied was mixed among the 4 monkeys and for an individual monkey
across two determinations for each dose. The same doses of THC were also studied when
only saline was available for self-administration, using the same criteria. Two monkeys that
participated in the study with noncontingent THC (AB and MI) and 2 other monkeys (BE
Behav Pharmacol. Author manuscript; available in PMC 2014 February 07.
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and AY) participated in a second study examining the effects of THC administered
contingently, either alone or with different doses of heroin. The approach (e.g., each dose of
heroin was studied alone prior to being studied in combination with THC) and the criteria
for this study were identical to the study with noncontingent THC, with the exception that
different doses of THC (0.0032–0.032 mg/kg/infusion) were mixed in the same syringe with
saline or heroin.
Data analyses
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The mean (± SEM) number of infusions received per session and the mean (± SEM) rate of
responding (i.e., responses/second on the active lever) were plotted as a function of the unit
dose of heroin for individual monkeys. Heroin control dose-response curves and doseresponse curves for heroin and THC administered together (contingently) represent the
average number of infusions and the average rate of responding for three consecutive
sessions during which self-administration was stable. For the study on noncontingent THC
administration, each data point represents the average number of infusions and response rate
from two determinations. The experiments were conducted using a single-subject design,
replicated in several different subjects. This design was chosen because it allows detection
of individual differences in sensitivity to drug effects (e.g., Maguire et al, 2012). Because
the design was replicated for each subject, and because the order in which treatments were
tested was nonsystematic, the results were analyzed for each subject by a two-way (i.e.,
heroin dose, THC dose) ANOVA (GraphPad Prism 5.0 for Windows; GraphPad Software
Inc., San Diego, California, USA) followed by Dunnett’s test to compare each dose of THC
with vehicle. Data obtained in a single-subject design replicated for a number of subjects can
often be analyzed also by one repeated-measures ANOVA, to examine generality across
subjects. Ideally, both an ANOVA for each subject and one repeated-measures ANOVA per
group should be conducted (Pashler and Wixted, 2002). However, because of individual
differences in sensitivity to the reinforcing effects of heroin, the dose range over which drug
effects were examined was not the same for each subject, which precluded analysis by one
repeated-measures ANOVA.
Drugs

NIH-PA Author Manuscript

The compounds studied were heroin hydrochloride and the levo enantiomer of delta9tetrahydrocannabinol (THC; 100 mg/ml in absolute ethanol; The Research Technology
Branch, National Institute on Drug Abuse, Rockville, MD, US). Heroin was dissolved with
sterile 0.9% saline. THC was dissolved in a 1:1:18 mixture of absolute ethanol,
Emulphor-620 (Rhone-Poulenc Inc., Princeton, NJ, USA), and 0.9% saline. Heroin was
administered i.v. THC was administered s.c. for the noncontingent study and i.v. for the
contingent study. For the self-administration study, a concentration of 5 mg/ml THC was
diluted with 0.9% saline to the appropriate concentrations. Infusion volumes varied from
0.38 – 0.66 ml/infusion among the monkeys and were adjusted daily according to body
weights.

Results
Heroin maintained self-administration responding that was greater than responding
maintained by saline, as indicated by differences in the number of infusions received in the
90-min session (open circles, all panels, Figs 1a, 1b, 2a, and 2b). With increasing unit doses
of heroin, responding (i.e., number of infusions received and rate of responding) increased
then, with larger unit doses, decreased, resulting in an inverted U-shaped dose-response
curve. The average number (range) of infusions received in 3 sessions during which saline
was available was 2 (2–2) for monkey JA, 8.3 (7–10) for monkey AB, 7(6–8) for monkey
MI, 1.3 (0–2) for monkey PE, 0.7 (0–1) for monkey BE, and 2 (1–3) for monkey AY. The
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average rate of responding for saline was 0.01 ± 0.01, 0.07 ± 0.01, 0.05 ± 0.01, 0.01 ± 0.01,
0.01 ± 0.01, and 0.02 ± 0 .01 responses per second for monkeys JA, AB, MI, PE, BE, and
AY, respectively. In the absence of other treatment, the largest number of infusions of
heroin received occurred at a unit dose of 0.0032 mg/kg/infusion in three monkeys (AB, PE
and BE) and at a unit dose of 0.01 mg/kg/infusion in three other monkeys (JA, MI and AY),
resulting in an average maximum of between 14.3 (monkey AY) and 27 (monkey JA)
infusions of heroin per session. Maximum response rates for heroin among these six
monkeys varied from 0.16 ± 0.01 responses per second for AY (0.01 mg/kg/infusion) to
2.69 ± 0.10 responses per second for JA (0.01 mg/kg/infusion).
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Figs 1a and 1b show the number of infusions received per session and the average rate of
responding (in the same sessions), respectively, when a noncontingent injection of THC was
administered prior to a self-administration session. When THC was administered
noncontingently as a pretreatment, the dose-effect curves for heroin self-administration were
shifted downward in three monkeys (JA, AB, and MI) and appeared to be shifted modestly
leftward (Fig 1a) in one monkey (PE). The number of infusions received (Fig 1a) and the
rate of responding (Fig 1b) were significantly different (filled symbols) when THC was
administered noncontingently as compared with results obtained with heroin alone. For all
four monkeys, two-way ANOVA performed on the number of infusions received per session
showed a significant heroin x THC interaction (JA: F[12,28]=6.65, p<0.0001; AB:
F[15,30]=5.90, p<0.0001; MI: F[15,30]=2.95, p<0.01; PE: F[15,30]=3.70, p<0.01). Twoway ANOVA performed on the rate of responding showed a significant heroin x THC
interaction for JA (F[12,28]=53.95, p<0.0001), for AB (F[15,30]=14.33, p<0.0001), and for
MI (F[15,30]=18.15, p<0.0001), but not for PE (F[15,30]=1.10, p>0.20). PE showed a
significant main effect of heroin (F[5,30]=11.33, p<0.0001) but not of THC (F[3,30]=0.50,
p>0.20). Pretreatment with 0.32 or 1.0 mg/kg of THC either had no effect or decreased the
number of infusions received and the rate of responding in monkeys JA, AB, and MI. The
same doses of THC increased the number of infusions received of 0.001 mg/kg/infusion of
heroin in monkey PE (Fig 1a, lower right panel); 1.0 mg/kg of THC also decreased the
number of infusions received of 0.01 mg/kg/infusion heroin, resulting in a leftward shift in
both limbs of the heroin dose-response curve in this monkey. THC pretreatment also tended
to increase the number of saline infusions for monkey MI, although this increase did not
reach statistical significance (inverted triangle above “V”, Fig 1a, lower left panel).
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Figs 2a and 2b show the number of infusions received per session and the average rate of
responding (in the same sessions), respectively, when THC was administered contingently,
either alone or in combination with different unit doses of heroin. THC alone did not
maintain responding that was significantly different from responding maintained by saline
(triangles, squares, and inverted triangles above “V”, Figs 2a and 2b, all panels).
Responding for the combination of THC and heroin was consistently lower than responding
for heroin alone for all four monkeys. The number of infusions received (Fig 2a) and the rate
of responding (Fig 2b) were significantly lower (filled symbols) for some dose combinations
of THC and heroin and there were no conditions under which responding for THC and
heroin was greater than responding for the same unit dose of heroin alone. Two-way
ANOVA showed a significant heroin x THC interaction for all four monkeys when
performed on the number of infusions received (BE: F[12,40]=2.36, p<0.05; AB:
F[12,40]=7.31, p<0.0001; MI: F[9,32]=5.91, p<0.0001; AY: F[9,32]=5.06, p<0.001), and
when performed on the rate of responding for all monkeys (AB: F[12,40]=13.42, p<0.0001;
MI: F[9,32]=11.12, p<0.0001; AY: F[9,32]=8.96, p<0.0001) except BE (F[12,40]=1.43,
p>0.1), which showed significant main effects of heroin (F[4,40]=38.20, p<0.0001) and
THC (F[3,40]=7.43, p<0.001).
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Discussion
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Converging lines of evidence, from cellular (Rios et al. 2006) to neurochemical
(Schoffelmeer et al. 2006) to behavioral (Haney 2007; Li et al. 2008) measures, suggest a
significant interaction between cannabinoid and (mu) opioid systems. Although the precise
mechanism of such interaction(s) is not established, both cannabinoid and opioid systems
modulate some of the same underlying neurochemical systems, including dopamine
neurotransmission (Gardner and Vorel 1998; Tanda and Goldberg 2003).
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Cannabinoid receptor agonists, such as THC, exert antinociceptive effects in a variety of
nonhuman species and under a broad range of conditions and those effects have been shown
to be mediated by cannabinoid CB1 receptors (see Pertwee 2001; Iversen and Chapman
2002; and Welch 2009 for review). The effectiveness of cannabinoid receptor ligands in
preclinical studies on pain combined with the ineffectiveness of currently available drugs
(e.g., opioid receptor agonists) for treating pain in many human patients, continues to
stimulate the consideration of cannabinoid receptor ligands for treating certain types of pain,
administered either alone or in combination with other drugs (Cichewicz 2004; Welch
2009). Indeed, THC enhances the antinociceptive effects of morphine in several different
species (Welch and Stevens 1992; Welch et al. 1995; Finn et al. 2004; Smith et al. 2007; Li
et al. 2008). However, results of studies with combinations of cannabinoids and opioids in
humans have not unanimously provided confirmation of preclinical studies with the same
drug combinations (Kraft, 2012). For example, THC failed to enhance analgesic effects of
opioid receptor agonists in humans subjected to experimental pain or suffering from
postoperative or cancer pain (Naef et al. 2003; Roberts et al. 2006; Seeling et al. 2006). In
contrast, other studies indicate that cannabinoid and opioid receptor agonists attenuate some
components (e.g., affective) of pain in a greater-than-additive matter (Roberts et al., 2006)
and a recent study suggests that combinations of cannabinoids (e.g., THC and cannabidiol)
might be more effective than THC alone for treating cancer-related pain (Johnson et al.
2010). Thus, the effectiveness of cannabinoid receptor agonists, alone or in combination
with other drugs, which is evident in the preclinical laboratory, has yet to be fully realized in
the clinic.
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A concern regarding the use of cannabinoids and opioids in combination is the possibility
that such a drug combination will have a high liability for abuse, given that cannabinoids
(e.g., marijuana) and opioids (e.g., oxycodone) are abused individually. A number of
procedures in the preclinical laboratory are predictive of abuse liability and in those
procedures cannabinoids and opioids interact in a manner that appears to vary among
species and laboratories. For example, heroin and morphine enhance the discriminative
stimulus effects of THC in rats (Solinas and Goldberg 2005) but not in rhesus monkeys (Li
et al., 2008); however, THC attenuates the discriminative stimulus effects of morphine in
rhesus monkeys (Li et al., 2008). The opioid receptor antagonist naltrexone decreases THC
induced conditioned place preference in rats (Braida et al. 2004), the discriminative stimulus
effects of THC in rats (Solinas and Goldberg 2005), and THC self-administration in squirrel
monkeys (Justinova et al. 2004). The cannabinoid CB1 receptor antagonist SR 141716A
decreases heroin self-administration in rats responding under a progressive ratio schedule
and either decreases (Navarro et al. 2001) or has no effect (Solinas et al. 2003) on heroin
self-administration in rats responding under a continuous reinforcement schedule.
When THC was administered noncontingently to rhesus monkeys in the current study, the
heroin self-administration dose-response curve was shifted downward in 3 monkeys and
shifted slightly leftward in a fourth monkey. Thus, noncontingent administration of THC did
not enhance the positive reinforcing effects of heroin (i.e., did not shift the heroin doseresponse curve leftward) in 3 of 4 monkeys studied. It is not clear whether decreased
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responding for heroin after noncontingent administration of THC reflects decreased
reinforcing effectiveness of heroin. The doses of THC that shift the heroin selfadministration dose-response curve downward do not alter rates of responding in monkeys
discriminating morphine and responding under a schedule of stimulus shock termination (Li
et al., 2008) although doses of THC larger than 0.32 mg/kg decrease responding that is
maintained by the presentation of food (McMahon et al., 2005; Li, unpublished
observation). Thus, decreased self-administration of heroin after noncontingent injection of
THC might reflect a nonselective suppression of responding.
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The contingency of drug administration can impact the behavioral effects of some drugs
(Dworkin et al. 1995; Galici et al. 2000; Lecca et al. 2007). THC itself maintains selfadministration responding under a relatively limited range of conditions (Justinova et al.
2004; Takahashi and Singer, 1070; Tanda et al., 2000); in the current study, THC alone
failed to maintain responding at rates greater than what was obtained with saline. Thus, THC
alone had no apparent positive reinforcing effects under these experimental conditions.
Moreover, when THC was available in a drug mixture with different unit doses of heroin,
monkeys received either the same (i.e., with small unit doses of THC) or significantly fewer
(i.e., with larger unit doses of THC) injections as compared to the number of injections
received with the same unit dose of heroin alone. Thus, combinations of THC and heroin
resulted in an overall decrease in the number of injections (and in rate of responding) of
heroin with no evidence of a shift leftward in the heroin dose-response curve that might be
expected if THC enhanced the positive reinforcing effects of heroin. Reinforcing effects of
drugs can vary across different experimental conditions (e.g., Solinas et al, 2005) and it is
possible that the nature of interaction between THC and mu opioid receptor agonists would
be different under conditions where reinforcing effects are examined independently of rate
measures (e.g., choice).
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In summary, this study examined the impact of contingent and noncontingent administration
of the cannabinoid receptor agonist THC on the positive reinforcing effects of i.v. heroin in
rhesus monkeys. With the exception of one unit dose of heroin in one monkey,
noncontingent administration of THC did not enhance, but rather diminished, heroin self
administration. When administered contingently, THC itself did not maintain selfadministration responding and in combination with heroin there was evidence only for
decreased self-administration of the drug mixture. That is, there was no combination of THC
and heroin doses that resulted in a significantly greater number of infusions as compared
with what was obtained when monkeys self-administered heroin alone. Enhancement of the
antinociceptive effects of opioids by cannabinoid receptor agonists is well established in
nonhuman species although the translation of those findings to the clinic is not fully evident.
Nevertheless, to the extent that combinations of opioid and cannabinoid receptor agonists
are found to provide improved therapeutic value (e.g., pain relief), results of this study
suggest that those drug combinations will not be associated with a greater liability for abuse.
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Fig 1.

Self-administration (n=4) of heroin alone (0.0001–0.1 mg/kg/infusion, i.v.) and after a
noncontingent injection of THC (0.1, 0.32, and 1.0 mg/kg, s.c.) 60 min before the session.
The number of infusions received ± SEM (Fig 1a) and the rate of responding in responses
per second ± SEM (Fig 1b) in the 90-min session (ordinates) are plotted as a function of unit
dose of drug (abscissae) expressed in mg/kg/infusion. Filled symbols indicate that the effect
obtained after pretreatment with THC was significantly different (p<0.05) compared with
the effect obtained with heroin alone. “V” = vehicle. Note the different ordinate scales in Fig
1b.
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Fig 2.
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Self-administration (n=4) of heroin alone (0.0032–0.032 mg/kg/infusion), THC alone
(0.0032–0.032 mg/kg/infusion), and the combination of heroin and THC. See Fig 1 for other
details. Note the different ordinate scales in Fig 2b.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Behav Pharmacol. Author manuscript; available in PMC 2014 February 07.

