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Abstract

There have been recent calls to examine the efficacy of drug-combination therapies in the
treatment of substance use disorders. The purpose of the present study was to examine the ability
of a novel stimulant-opioid combination to reduce cocaine self-administration, and to compare
these effects to those of each drug administered alone. To this end, male Long-Evans rats were
implanted with intravenous catheters and trained to self-administer cocaine under positive
reinforcement contingencies. Once self-administration was acquired, rats were divided into four
different groups and treated chronically for 20 days with (1) saline, (2) the psychomotor stimulant
and monoamine releaser amphetamine, (3) the mu/kappa opioid agonist butorphanol, or (4) a
combination of amphetamine and butorphanol. During chronic treatment, cocaine self-
administration was examined on both fixed ratio (FR) and progressive ratio (PR) schedules of
reinforcement. On the FR schedule, butorphanol significantly decreased cocaine self-
administration, but this effect was not enhanced by amphetamine. On the PR schedule,
amphetamine and butorphanol non-significantly decreased cocaine self-administration when
administered alone but significantly decreased cocaine self-administration when administered in
combination. These data suggest that under some conditions (e.g., when the response requirement
of cocaine is high), a dual stimulant-opioid pharmacotherapy may be more effective than a single-
drug monotherapy.
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1.0 Introduction

In 2012, 639,000 Americans tried cocaine for the first time and 1.1 million Americans met
diagnostic criteria for a cocaine use disorder (SAMHSA, 2013). Despite the continuing
public health problems associated with cocaine abuse, there are currently no FDA-approved
medications for the treatment of cocaine use disorders. Previous research has indicated that
endogenous mu and kappa opioids play a critical role in cocaine reward and reinforcement
(Gianoulakis, 2009; Wee and Koob, 2010), and the mixed mu/kappa agonists butorphanol
and nalbuphine reduce cocaine self-administration in laboratory animals (Winger et al.,
1992; Mello et al., 1993; Lynch et al., 1998; Kuzmin et al., 2000; Negus and Mello, 2002).
Despite these positive findings, controlled studies with opioids in cocaine-abusing
populations have failed to demonstrate consistent efficacy on measures of cocaine self-
administration (e.g., Walsh et al., 2001). In recent years, stimulant-based therapies
employing indirect dopamine agonists have shown positive responses in treatment-seeking
populations (Dackis et al., 2005; Mooney et al., 2009). Although the use of stimulant drugs
represents a significant advance in medication development, approximately half of the
participants in those studies either dropped out or did not show a consistent treatment
response. Clearly, the need for effective medications for the treatment of cocaine use
disorders still exists.

The majority of previous research examining medications for the treatment of substance use
disorders has focused on single-drug monotherapies. Several investigators have argued that
substance use disorders may benefit from a combination of medications (e.g., Stoops and
Rush, 2014), and the National Institute on Drug Abuse (NIDA) called for additional
preclinical and clinical research on novel drug combinations for the treatment of substance
use disorders (National Advisory Council on Drug Abuse, 2010). A few studies have
examined the effects of drug combinations on measures of drug self-administration, and
these studies have reported varying degrees of success (e.g., Mariani et al., 2012; Schmitz et
al., 2012; Wee et al., 2012). One drug combination that was effective at reducing drug self-
administration in both animals and humans was an opioid/stimulant combination consisting
of a mu opioid agonist (buprenorphine or methadone) and the monoamine releaser d-
amphetamine (Grabowski et al., 2004; Mello and Negus, 2007; Greenwald et al., 2010). This
combination was well tolerated, produced minimal adverse effects, and significantly reduced
drug self-administration under a variety of conditions. Such findings are significant because
one goal of any combination therapy is to maximize the therapeutic efficacy of treatment
while minimizing the potential for side effects that would otherwise limit its use.

The purpose of the present study was to examine the ability of a novel stimulant-opioid
combination to reduce cocaine self-administration in an animal model of substance use, and
to compare these effects to those of each drug administered alone. To this end, male rats
were implanted with intravenous catheters and trained to self-administer cocaine under
positive reinforcement contingencies. Once self-administration was acquired, rats were
divided into different groups and treated chronically for 20 days with (1) the psychomotor
stimulant and monoamine releaser d-amphetamine (amphetamine), (2) the mu/kappa opioid
agonist butorphanol, (3) a combination of amphetamine and butorphanol, or (4) vehicle
controls. Beginning 10 days after the initiation of chronic treatment, cocaine dose-effect
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curves were determined under both fixed ratio (FR) and progressive ratio (PR) schedules of
reinforcement. Each of these schedules measure different aspects of drug self-
administration, with FR schedules more sensitive to satiety factors and PR schedules more
sensitive to motivational factors controlling drug intake (Arnold and Roberts, 1997, Solinas
et al., 2004, Oleson et al., 2011). Butorphanol and amphetamine were selected because both
medications are commercially available for use in clinical populations, and because both
drugs decrease cocaine self-administration when administered alone (Peltier et al., 1996;
Mello et al., 1993; Lynch et al., 1998; Kuzmin et al., 2000; Negus and Mello, 2002, Negus
and Mello, 2003; Chiodo and Roberts, 2009; Rush et al., 2010; Czoty et al., 2011; but see
Walsh et al., 2001). Consequently, we predicted that each drug would decrease cocaine self-
administration alone, but that greater decreases in cocaine self-administration would be
observed when the drugs were administered in combination.

2.0 Methods

2.1 Subjects

Young, male, adult Long-Evans rats (250-280 g upon arrival) were obtained from Charles
River Laboratories (Raleigh, NC, USA). All rats were housed individually in polycarbonate
cages in a large colony room maintained on a 12-hr light-dark schedule (lights on: 0700).
Excluding the brief period of lever-press training (see below), food and water were freely
available in the home cage. All animals were maintained in accordance with the Guide for
the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 2011),
and the Davidson College Animal Care and Use Committee approved all procedures.

2.2 Apparatus

All experimental sessions were conducted in commercially available operant conditioning
chambers from Med Associates, Inc. (St Albans, VT, USA). Each chamber was equipped
with two response levers located on the forward wall, one white stimulus light located above
each lever, one food receptacle located between the two levers, and one houselight located at
the rear of the chamber. Food pellets were delivered via a pellet dispenser located behind the
forward wall. Infusion pumps mounted outside the chamber delivered drug infusions via
Tygon tubing protected by a stainless steel spring and attached to a counter-balanced swivel
suspended above the chamber. All experimental events were programmed and data were
collected through software and interfacing supplied by Med Associates, Inc.

2.3 Lever-Press Training

Approximately one week after arrival, all rats were food restricted to no less than 90% of
their free-feeding body weight and trained to lever press using food reinforcement. In these
sessions, each lever press produced a 45 mg grain pellet on a fixed ratio (FR1) schedule of
reinforcement. Each training session lasted 2 hr or until 40 reinforcers were delivered. If any
rat failed to acquire the lever press response by the third day of training, the response was
shaped by the experimenter using manually delivered food pellets. Training continued in this
manner until rats acquired the maximum number of 40 reinforcers in any three training
sessions. All rats met this criterion within 7 days and returned to unrestricted feed once they
met the acquisition criterion.
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Following the completion of lever-press training, rats were anesthetized with a combination
of ketamine (100 mg/kg, ip) and xylazine (8.0 mg/kg, ip) and surgically implanted with
intravenous catheters (CamCaths, Cambridge, UK). Each catheter was inserted into the right
jugular vein, was routed subcutaneously over the shoulder, and exited the body via a port
mounted between the scapulae. Ketoprofen (5.0 mg/kg, sc) was given immediately after
surgery as an analgesic, and a solution of heparinized saline and ticarcillin (20 mg/kg, iv)
was infused through the catheter daily in order to maintain patency and prevent infection.
After 7 days, ticarcillin was discontinued and only heparinized saline was used to maintain
catheter patency. All rats were given three days to recover before beginning self-
administration testing.

2.5 Self-Administration Training

All self-administration training and testing sessions began with illumination of the house
light, illumination of the white stimulus light above the response lever, and a noncontingent
priming infusion of the specific dose of cocaine available during that session. During
training, each lever press was reinforced on an FR1 schedule of reinforcement. On this
schedule, each response activated an infusion pump that delivered 0.5 mg/kg cocaine
(Research Triangle Institute, Research Triangle Park, NC, USA) over a 2.5-4.0 s duration
(based on body weight). Simultaneous with each infusion, the stimulus light above the lever
turned off to signal a 20 s time out in which cocaine was not available. After 20 s, the light
turned on and cocaine was available on the FR1 schedule of reinforcement. No limit was
placed on the maximum number of infusions that could be earned, other than those set by
the session length and postinfusion timeout. All sessions terminated automatically after 120
min. Training continued in this manner for four consecutive days, at which time daily
training sessions were discontinued.

2.6 Drug Treatment

Immediately following the final training session, rats were divided randomly into four
groups: water-saline (WAT-SAL), water-butorphanol (WAT-BUT), amphetamine-saline
(AMP-SAL), and amphetamine-butorphanol (AMP-BUT). All rats assigned to butorphanol
groups (WAT-BUT, AMP-BUT) received one daily injection of butorphanol (5.0 mg/kg,
ip), whereas rats assigned to the saline groups (WAT-SAL; AMP-SAL) received one daily
injection of saline (1.0 ml/kg, ip). All rats assigned to amphetamine groups (AMP-SAL;
AMP-BUT) received an amphetamine solution (0.05 mg/ml) as their sole source of drinking
water, whereas rats assigned to the water groups (WAT-SAL; WAT-BUT) received only tap
water in their drinking bottle. Amphetamine (dextroamphetamine sulfate) was dissolved in
ordinary tap water and obtained from the National Institute on Drug Abuse (Research
Triangle Institute, Research Triangle Park, NC, USA). Butorphanol tartrate was dissolved in
physiological saline and purchased from Sigma Chemical Company (St. Louis, MO, USA).
All rats remained in their respective treatment conditions for 20 consecutive days until the
completion of the study.

The doses of butorphanol and amphetamine were selected on the basis of previous studies
reporting moderate effects of these doses on diverse measures of elicited and emitted
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behavior (Monder, 1981; Kanarek and Marks-Kaufman, 1988; Janicke et al., 1990; Lynch et
al., 1998; Smith et al., 1999). The pretreatment interval for butorphanol (15 minutes before
each daily session) was selected on the basis of its time course to produce opioid-mediated
antinociceptive effects (Smith et al., 1999; Cook et al., 2000) and reduce cocaine self-
administration (Lynch et al., 1998). The routes of administration were selected on the basis
of pharmacokinetic considerations of how these drugs are used in clinical populations. For
instance, amphetamine is typically administered orally to maintain stable levels of drug
concentrations over time for narcolepsy, obesity, and attention-deficit hyperactive disorder
(ADHD). Butorphanol is typically administered acutely, either via parenteral injection or
nasal spray, for the management of acute pain states. Pilot tests conducted in our lab
revealed that these dosing parameters did not produce any adverse health effects.

Throughout the 20-day treatment period, body weight and fluid consumption was recorded
daily, and catheters were flushed with heparinized saline at 24-hr intervals.

2.7 Self-Administration Testing

After 10 consecutive days of treatment, all rats received one training session in which
responding was reinforced with 0.5 mg/kg cocaine on a PR schedule of reinforcement. On
this schedule, the ratio value (i.e., response requirement) for each infusion of cocaine
increased progressively over the course of the session according to the following ratio
values: 1, 3, 6, 9, 12, 17, 24, 32, 42, 56, 73, 95, 124, 161, 208, 268, 346, 445, and 573 (for
complete algorithm, see Suto et al., 2002). Each session continued until a breakpoint was
reached, with breakpoint defined as the number of reinforcers obtained before 1 hr elapsed
with no infusions. All other experimental events were identical to those described in the
initial training sessions. Over the next four consecutive days, breakpoints were determined
for 0.0 (saline), 0.1, 0.3, and 1.0 mg/kg cocaine in separate test sessions. Doses of cocaine
and saline were tested in a pseudorandom order with the stipulation that no more than two
ascending or descending doses could be tested in a row.

Following testing on the PR schedule, contingencies changed again and responding was
reinforced on an FR1 schedule of reinforcement. All experimental events on this schedule
were identical to those described in the initial training sessions, except the dose of cocaine
differed during each test session. Tests were conducted with 0.0 (saline), 0.03, 0.1, 0.3, and
1.0 mg/kg cocaine. Doses of cocaine and saline were tested in a pseudorandom order with
the stipulation that no more than two ascending or descending doses could be tested in a
row.

During the period of behavioral testing, butorphanol or saline was always injected 15 min
before each daily session. Water or amphetamine was continuously available in the home
cage, and fluid consumption was measured prior to each test session. Rats that lost catheter
patency were not included in the statistical analysis of the drug self-administration data;
however, they were not removed from the study and continued to receive daily drug
treatment so that their data could be included in the statistical analysis of body weight and
fluid consumption.
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2.8 Data Analysis

A total of 58 rats received the full 20 days of drug treatment and were included in the
statistical analysis of body weight and fluid consumption: WAT-SAL (n = 14), WAT-BUT
(n = 13), AMP-SAL (n = 15), and AMP-BUT (n=16). A total of 51 rats maintained patent
catheters for the duration of the study and were included in the statistical analysis of the
drug self-administration data: WAT-SAL (n = 10), WAT-BUT (n = 11), AMP-SAL (n =
15), and AMP-BUT (n=15). Body weight and fluid consumption data were examined by 2-
way, mixed-factor ANOVA, with group serving as a between-subjects factor and day
serving as the repeated measure. Drug self-administration data were examined by 2-way,
mixed factor ANOVA, with group serving as a between-subjects factor and dose serving as
the repeated measure. Post-hoc tests were conducted on all possible between-group
comparisons using the Bonferroni-Holm correction for multiple comparisons.

3.0 Results

3.1 Fluid Consumption and Body Weight

Rats consumed approximately 50 ml/day of fluid (tap water) prior to drug treatment, with no
differences across groups (Figure 1). During the 20 days of drug treatment, fluid
consumption fluctuated daily [main effect of day: F(19, 1026) = 2.196, p=.002] in a
nonsystematic fashion across groups [groupxday interaction: F(57, 1026) = 1.718, p = .001].
Despite these daily fluctuations, some consistent group differences were observed
throughout the treatment period [main effect of group: F(3, 54) = 15.008, p < .001].
Specifically, rats drinking the amphetamine solution (AMP-SAL; AMP-BUT) consumed
significantly less fluid (p < .01) than rats drinking ordinary tap water (WAT-BUT; WAT-
SAL).

Rats weighed approximately 340 g prior to drug treatment, with no differences across
groups (Figure 1). Body weights increased linearly in all groups across the 20 days of drug
treatment [main effect of day: F(19, 1026) = 64.801, p < .001], but the rate of increase
differed across groups [groupxday interaction: F(57, 1026) = 3.201, p < .001]. Some
consistent group differences were observed throughout the treatment period [main effect of
group: F(3, 54) = 6.391, p = .001], with rats treated with both amphetamine and butorphanol
(AMP-BUT) weighing significantly less (p < .01) than rats in the other three groups.

3.2 Drug Self-Administration

On the FR schedule of reinforcement (Figure 2), cocaine self-administration was
characterized by an inverted, U-shaped, dose-effect curve in all groups [main effect of dose:
F(3, 141) = 26.933, p < .001]. Differences between groups were apparent at 0.1 mg/kg
cocaine, the dose that maintained the highest level of responding in all groups [groupxdose
interaction: F(9, 141) = 2.214, p = .024]. At this dose, both groups treated with butorphanol
(WAT-BUT; AMP-BUT) self-administered significantly less cocaine (p < .01) than both
groups treated with saline (WAT-SAL; AMP-SAL). No group differences were apparent at
any other dose.
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On the PR schedule of reinforcement (Figure 3), breakpoints increased linearly as a function
of dose [main effect of dose: F(2, 94) = 34.926, p < .001] and differed significantly across
groups [main effect of group: F(3, 47) = 3.145, p = .034]. Rats receiving both amphetamine
and butorphanol (AMP-BUT) self-administered significantly less cocaine (p < .01) than rats
receiving only vehicle controls (WAT-SAL). Cocaine self-administration was numerically
less in both groups receiving only one of the two treatment drugs (AMP-SAL; WAT-BUT),
but these groups did not differ significantly from the vehicle-control group (WAT-SAL).

4.0 Discussion

In this study, chronic treatment with butorphanol significantly decreased responding
maintained by cocaine on an FR schedule of reinforcement. Chronic treatment with either
butorphanol or amphetamine produced nonsignificant decreases in breakpoints maintained
by cocaine on a PR schedule of reinforcement; however, combined treatment with both
drugs produced statistically significant decreases in breakpoints under the same set of
conditions. These data suggest that a combined opioid-stimulant pharmacotherapy may be
more effective than a single-drug monotherapy at reducing cocaine self-administration when
response requirements are high (or progressively increase, such as on a PR schedule), but
would not offer an advantage when response requirements are low (such as on an FR1
schedule).

As expected, adding amphetamine to the subjects’ only source of drinking water
significantly decreased fluid consumption by approximately 40% in the amphetamine
groups (AMP-SAL, AMP-BUT). Despite this decrease in fluid consumption, rats in both
groups still consumed pharmacologically active doses of amphetamine. Rats treated with
amphetamine and saline (AMP-SAL) consumed an average of 4.0 mg/kg/day, and rats
treated with amphetamine and butorphanol (AMP-BUT) consumed an average of 4.2 mg/kg/
day. Both of these doses are within the dose range reported in previous studies in which
amphetamine was administered orally in drinking water and pharmacologically active
effects were observed (Monder, 1981; Kanarek and Marks-Kaufman, 1988; Janicke et al.,
1990). No changes in fluid consumption were observed in rats treated with butorphanol
alone (WAT-BUT).

Although both groups of rats treated with amphetamine exhibited similar amounts of fluid
consumption, only rats treated with both amphetamine and butorphanol (AMP-BUT)
exhibited significant differences in body weight relative to vehicle control rats (WAT-SAL).
Rats treated with both amphetamine and butorphanol weighed approximately 45 g less than
control rats at the end of the treatment period, gaining less than 10 g over the 20-day
treatment interval. Given that similar effects were not observed with rats treated with
amphetamine alone (AMP-BUT) or with rats treated with butorphanol alone (WAT-BUT),
these data suggest that the weight suppression was a consequence of the interaction between
these drugs. It is important to note that no rat lost more than 4% of its baseline body weight
during the treatment period, and no rat was removed from the study because of illness or
other adverse event.
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Only a small number of studies have combined opioids and psychomotor stimulants in tests
of drug self-administration, but those studies that have examined opioid-stimulant
combinations have reported positive effects. Mello and Negus (2001) examined the ability
of indatraline, a dopamine reuptake inhibitor, and buprenorphine, a mixed mu agonist/kappa
antagonist, to reduce speedball (cocaine + heroin) self-administration and food-maintained
responding in rhesus monkeys. Doses of indatraline and buprenorphine that did not alter
responding when administered alone reduced speedball self-administration when
administered in combination. Importantly, reductions in speedball self-administration were
sustained over time, whereas reductions in food-maintained responding returned to baseline
levels within a few days. In a follow-up study, these same investigators reported that
combinations of d-amphetamine and buprenorphine reduced speedball self-administration at
doses that did not alter responding maintained by food (Mello and Negus, 2007). Similar to
the previous study, the results suggested superiority of the drug combination when both
therapeutic efficacy (reductions in drug self-administration) and adverse effects (disruptions
in food-maintained responding) were taken into consideration.

Human laboratory and clinical studies evaluating potential opioid-stimulant combinations
are still in their infancy. Currently, only a couple of studies have evaluated an opioid-
stimulant combination on measures of cocaine-seeking behavior and compared the effects of
the drug combination to one drug administered alone. Grabowski et al. (2004) examined the
effects of methadone alone versus methadone + d-amphetamine on cocaine and opioid use in
an outpatient population of cocaine and heroin abusers. The study compared two escalating
doses of amphetamine (15/30 or 30/60 mg) and placebo, each in combination with a
maintenance dose of methadone (1.1 mg/kg). In the 24-week study, individuals receiving the
30/60 mg dose of amphetamine had significantly fewer cocaine-positive urine screens than
the other two groups, suggesting that amphetamine dose-dependently increases the effects of
methadone on measures of cocaine self-administration. Retention rates were similar in all
three groups and no significant adverse events were reported. In a more recent study,
Greenwald et al. (2010) examined the ability of sustained-release d-amphetamine to reduce
cocaine, hydromorphone, and speedball (cocaine + hydromorphone) self-administration in
buprenorphine-maintained polydrug abusers. In an inpatient facility, volunteers were
maintained on buprenorphine and treated with placebo or amphetamine for 3 days using a
within-subjects design. After stabilization on either placebo or amphetamine, participants
sampled four drug combinations in a counter-balanced order (placebo, cocaine,
hydromorphone, or speedball) while subjective and physiological effects were measured.
Later, participants responded on a PR schedule of reinforcement to earn either drug or
money. Relative to placebo treatment, amphetamine significantly reduced breakpoints
maintained by cocaine (but not hydromorphone or speedball) and choice for cocaine.
Amphetamine also significantly reduced the positive subjective effects of cocaine but did
not increase cocaine-induced cardiovascular effects. Collectively, these findings suggest that
a combined opioid-stimulant pharmacotherapy may be effective at treating cocaine use
disorders in clinical populations. Furthermore, given the mu agonist profile of the opioids
tested (methadone and hydromorphone), these findings also suggest an important role of the
mu opioid receptor in mediating these effects.
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Several limitations of the present study must be acknowledged. First, only a single dose of
butorphanol and a single concentration of amphetamine were tested. The desire to test each
drug independently and include a vehicle control condition limited the number of groups we
could test. Similarly, the desire to give the drugs for multiple weeks and test responding on
two schedules of reinforcement limited the duration of testing. Although the doses were
selected to maximize the possibility of obtaining a positive signal, the single dose
manipulations made it difficult to compare the efficacy of each drug alone. Furthermore, the
use of only a single dose makes it difficult to determine whether the effects of the drug
combination were unique to the combination or simply an effect that would be expected if
higher doses of either drug were administered alone. Another limitation of the study was the
use of asymmetrical routes of administration for the two drugs. We chose the routes out of
pharmacokinetic considerations of how these drugs are available for use in humans, with
amphetamine available as an extendedrelease oral formulation and butorphanol available as
a parenteral injection and nasal spray. This also complicates direct comparisons between the
drugs, because butorphanol was likely tested at the time of peak effectiveness (but see data
from Lynch et al., 1998 indicating that butorphanol is effective for up to 24 hours) whereas
this was unlikely the case with amphetamine. An additional limitation concerns the final
number of subjects. Although 51 rats were used for the statistical analysis, the desire to test
all possible between-group comparisons meant that only differences with very large effect
sizes could be detected after correcting for multiple comparisons. Thus, it is possible that we
missed smaller but meaningful differences between groups because of type Il error. Finally,
no control tests were conducted on other measures of positively reinforced behavior. This is
important because vertical shifts in the dose-effect curve do not necessarily indicate a
change in the hedonic effects of a drug (see Zernig et al., 2004), and may be due to
nonselective changes in consummatory behavior. This latter possibility cannot be dismissed
because significant decreases in breakpoints were only observed under conditions that also
decreased fluid consumption and body weight.

In conclusion, the present findings offer modest support for the use of dual opioid-stimulant
combinations in the treatment of cocaine use disorders. Although no advantage of the dual
treatment was seen on responding maintained by cocaine on an FR schedule, only rats
treated with both butorphanol and amphetamine exhibited a significant decrease in cocaine-
maintained breakpoints on the PR schedule. These data suggest that pharmacotherapies for
cocaine abuse that target both the endogenous opioid and monoamine systems may offer
advantages over single-drug monotherapies under conditions in which the response
requirement or behavioral cost of cocaine is high.
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Figure 1.

Fluid consumption (upper panel) and body weight (bottom panel) over the 20-day treatment
period. Fluid consumption is depicted as ml/day; body weight is depicted as grams (g). Rats
were treated for 10 consecutive days (Days 1-10) before beginning self-administration
testing (Days 11-20). Data points above “~1" reflect fluid consumption and body weight on
the day immediately preceding treatment. Vertical lines surrounding data points depict the
SEM; where not indicated, the SEM fell within the data point.

Behav Brain Res. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Smith et al.

Number of Infusions

Page 15

-@- water - saline
W~ AMP - saline
-~ water - BUT
<+ AMP - BUT

150

125 —

100 —

1 T r T T 1
0 0.03 0.1 0.3 1

Cocaine (mg/kg/infusion)

Figure 2.
Cocaine self-administration on a fixed ratio (FR1) schedule of reinforcement. Vertical axis

depicts number of infusions obtained during 2-hr test session. Horizontal axis depicts dose
of cocaine in mg/kg/infusion. Data points above “0” depict the effects of saline. Vertical
lines surrounding data points depict the SEM; where not indicated, the SEM fell within the
data point.
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Figure 3.
Cocaine self-administration on a progressive ratio (PR) schedule of reinforcement. Left axis

depicts breakpoint as number of infusions obtained; right axis depicts breakpoint as final
ratio value completed. Horizontal axis depicts dose of cocaine in mg/kg/infusion. Data
points above “0” depict the effects of saline. Vertical lines surrounding data points depict the
SEM; where not indicated, the SEM fell within the data point.
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