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Abstract
Concurrent cigarette smoking and cocaine use is well documented. However, the behavioral
pharmacology of cocaine and nicotine combinations is poorly understood, and there is a need for
animal models to examine this form of polydrug abuse. The purpose of this study was two-fold:
first to assess the effects of nicotine on the discriminative stimulus effects of cocaine, and second,
to study self-administration of nicotine/cocaine combinations in a novel polydrug abuse model. In
drug discrimination experiments, nicotine increased the discriminative stimulus effects of low
cocaine doses in two of three monkeys, but nicotine did not substitute for cocaine in any monkey.
Self-administration of cocaine and nicotine alone, and cocaine + nicotine combinations was
studied under a second-order fixed ratio 2, variable ratio 16 (FR2[VR16:S]) schedule of
reinforcement. Cocaine and nicotine alone were self-administered in a dose-dependent manner.
The combination of marginally reinforcing doses of cocaine and nicotine increased drug self-
administration behavior above levels observed with the same dose of either cocaine or nicotine
alone. These findings indicate that nicotine may increase cocaine’s discriminative stimulus and
reinforcing effects in rhesus monkeys, and illustrate the feasibility of combining cocaine and
nicotine in a preclinical model of polydrug abuse. Further studies of the behavioral effects of
nicotine + cocaine combinations will contribute to our understanding the pharmacology of dual
nicotine and cocaine dependence, and will be useful for evaluation of new treatment medications.
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INTRODUCTION
Research on drug addiction has often focused on a single drug, but there is considerable
evidence that drug abusers typically use two or more substances concurrently. Nicotine is
one of the most commonly used drugs, and often it is used in combination with other abused
drugs (Budney, Higgins, Hughes, & Bickel, 1993; Mello, Mendelson, Sellers, & Kuehnle,
1980). Cocaine-dependent smokers often report increases in smoking during periods of
cocaine use (Roll, Higgins, Budney, Bickel, & Badger, 1996), and these self-reported
increases in cigarette smoking during cocaine use have been verified by biochemical
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measures (Roll, Higgins, & Tidey, 1997). Interestingly, cocaine-dependent smokers report
using more cocaine than cocaine-dependent non-smokers (Budney et al., 1993). Increases in
cigarette smoking following stimulant drug administration also have been reported in
clinical laboratory studies. For example, under double-blind, placebo-controlled conditions,
acute cocaine administration led to increases in cigarette smoking (Roll et al., 1996). Acute
administration of other indirect dopamine agonists, such as amphetamine (Cousins, Stamat,
& de Wit, 2001; Henningfield & Griffiths, 1981; Schuster, Lucchesi, & Emley, 1979; Tidey,
O'Neill, & Higgins, 2000) and methylphenidate (Rush et al., 2005; Vansickel, Stoops,
Glaser, & Rush, 2007) also increased cigarette smoking under controlled laboratory
conditions.

The reinforcing and discriminative stimulus effects of some drug combinations (e.g.,
cocaine + heroin ‘speedball’) have been studied in nonhuman primates (Mello et al., 1995;
Rowlett, Wilcox, & Woolverton, 1998), but little is known about the behavioral
pharmacology of nicotine and cocaine combinations. Interactions between nicotine and
cocaine have been studied in rodents using both conditioned and unconditioned behaviors,
and the findings suggest that nicotine enhances cocaine’s behavioral effects. For example,
nicotine enhanced the locomotor activating effects of cocaine and other indirect dopamine
agonists (Collins & Izenwasser, 2004; Jutkiewicz, Nicolazzo, Kim, & Gnegy, 2008). There
is also some overlap between the discriminative stimulus effects of nicotine and cocaine.
Nicotine fully generalized to a cocaine discriminative stimulus in rats (Desai, Barber, &
Terry, 1999, 2003) and partially generalized in rhesus monkeys (Ando & Yanagita, 1978; de
la Garza & Johanson, 1983). However, cocaine did not fully generalize to a nicotine
discriminative stimulus in rats (Desai et al., 1999, 2003; Mansbach, Rovetti, & Freedland,
1998). In drug self-administration studies, acute and repeated nicotine administration also
has been shown to increase cocaine self-administration, reinstate cocaine-seeking behavior,
and potentially lead to an escalation of cocaine self-administration over time (Bechtholt &
Mark, 2002). Moreover, nicotine exposure has been reported to increase rates of acquisition
of cocaine self-administration in rats (Horger, Giles, & Schenk, 1992).

The similarities between the pharmacological and behavioral effects of nicotine and cocaine
include the enhancement of dopamine release. Microdialysis studies have shown that
cocaine administration is followed by increases in extracellular dopamine levels in the
nucleus accumbens in nonhuman primates (Iyer, Nobiletti, Jatlow, & Bradberry, 1995) and
in rodents (Hemby, Co, Koves, Smith, & Dworkin, 1997; Hurd, Weiss, Koob, And, &
Ungerstedt, 1989; H.O. Pettit & Justice, 1989; H .O. Pettit & Justice, 1991; Wise et al.,
1995). Nicotine, like cocaine, activates the mesolimbic dopamine system and stimulates
dopamine release. Moreover, administration of equipotent doses of nicotine and cocaine in
combination produce additive effects on nucleus accumbens dopamine release (Gerasimov
et al., 2000; Sziraki, Sershen, Benuck, Hashim, & Laitha, 1999; Zernig, O'Laughlin, &
Fibiger, 1997). However, nicotine and cocaine increase extracellular dopamine levels by
different mechanisms. Nicotine induces dopamine release by stimulating nicotinic
acetylcholine receptors on the cell bodies of mesolimbic dopamine neurons (Corrigall, Coen,
& Adamson, 1994; Nisell, Nomikos, & Svensson, 1994; I. P. Stolerman & Shoaib, 1991;
Watkins, Koob, & Markou, 2000), whereas cocaine increases extracellular dopamine levels
by blocking reuptake by the dopamine transporter (Kuhar, Ritz, & Boja, 1991; Ritz, Lamb,
Goldberg, & Kuhar, 1987, 1988).

The purpose of this study was to examine the effects of nicotine on the reinforcing and
discriminative stimulus effects of cocaine in nonhuman primates, in a new polydrug model
involving self-administration of nicotine + cocaine combinations. The ability of nicotine to
alter cocaine’s discriminative stimulus effects and to substitute for cocaine was studied. The
reinforcing effects of nicotine and cocaine alone, and in combination, were evaluated in
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rhesus monkeys with extensive cocaine self-administration histories. On the basis of
neurochemical, pharmacological, and clinical data, we hypothesized that nicotine would
enhance the discriminative stimulus and reinforcing effects of cocaine.

METHODS
Subjects

Eight adult male rhesus monkeys (Macaca mulatta) weighing 7.8 to 10.2 kg were studied.
Chow (Purina Jumbo Monkey Chow #503), fresh fruit and vitamins were given each day to
maintain 95% free feeding weights. Water was freely available at all times. Animal
maintenance and research were conducted in accordance with the guidelines provided by the
Committee on Laboratory Animal Resources (ILAR-NRC, 1996) and the NIH Office of
Laboratory Animal Welfare (OLAW).

Apparatus
Each monkey lived in a well ventilated, stainless steel chamber during studies of drug
discrimination (56 × 71 × 69 cm) and drug self-administration (60 × 100 × 76 cm). An
operant panel (28 × 28 cm) was mounted on the front wall of each chamber. Each panel
contained three square translucent response keys arranged in a horizontal row, which could
be transilluminated by red or green stimulus lights. A set of three vertical stimulus lights
(red, green, yellow) was located beneath the center response key. A dispenser delivered 1-g
banana-flavored food pellets (Formula 5TUR banana flavor grain-based Pellet, Purina Mills
Test Diet, Richmond, IN) to a receptacle below the operant panel. Reinforcement schedules
were controlled by IBM-compatible computers and Med-Associates interface systems (St.
Albans, VT) located in an adjacent room.

Cocaine Discrimination
As in our previous studies (Mello, Negus, Knudson, Kelly, & Mendelson, 2008; Negus,
Mello, Blough, Baumann, & Rothman, 2007), daily sessions consisted of 1 to 5 20-min
cycles. A 15-min time-out period was followed by a 5-min response period. During the
time-out, all stimulus lights remained off, and responding had no scheduled consequences.
During the response period, the right and left response keys were illuminated with a red or
green light, and monkeys could earn up to 10 food pellets by responding on a fixed-ratio 30
(FR 30) schedule. The colors of the response keys were counterbalanced, i.e., the left key
was red and the right key was green for some monkeys, and the colors were reversed for the
other monkeys. If all available food pellets were delivered before the end of the 5-min
response period, the stimulus lights on the response keys were turned off, and responding
had no scheduled consequences.

Training Procedure—Monkeys (N=3) were trained to discriminate 0.4 mg/kg, IM
cocaine from saline. On training days, monkeys were given an IM injection of cocaine or an
equal volume of saline 5-min after the beginning of each time-out period. Following saline
administration, responding on only the green, saline-appropriate key produced food, whereas
following cocaine administration, only responding on the red, drug-appropriate key
produced food. Responses on the inappropriate key reset the FR requirement on the
appropriate key. Training days consisted of 0 to 5 saline cycles followed by 0 to 1 drug
cycles. Cocaine was administered only during the last cycle.

Acquisition of cocaine discrimination was defined by meeting three criteria for 7 of 8
consecutive training sessions: 1) the percent injection-appropriate responding prior to
delivery of the first reinforcer was greater than or equal to 80% for all cycles; 2) the percent
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injection-appropriate responding for each cycle was greater than or equal to 90%; and 3)
response rates during saline training cycles were greater than 0.5 responses per second.

Testing Procedure—Test sessions were identical to training sessions except that
responding on either key produced food. Initially, a substitution procedure was used to
determine the degree to which nicotine and different doses of cocaine generalized to the
training dose of cocaine. Cocaine (0.013–1.3 mg/kg, IM) or nicotine (0.032–0.56 mg/kg,
IM) was administered alone using a cumulative dosing procedure. Monkeys received an
injection of nicotine or cocaine 5 min after the beginning of each cycle of a multiple-
cyxtotal cumulative dose by ¼- or ½-log units. Dose-effect curves for cocaine and nicotine
alone were determined once in each subject.

To evaluate the effects of nicotine on cocaine’s discriminative stimulus effects, a single dose
of nicotine (0.32 mg/kg) was administered as a pretreatment 5 min after single doses of
cocaine (0.04, 0.13, and 0.4 mg/kg), given 10 min before the sessions.

Data Analysis for Drug Discrimination Studies—The mean ± SEM percent cocaine-
appropriate responding (for the entire response period) was plotted as a function of cocaine
dose. Test drugs were considered to substitute for the training dose of cocaine if they
produced ≥90% cocaine-appropriate responding. In addition, discrimination ED50 values
were calculated by linear interpolation, and were defined as the dose of cocaine, nicotine, or
cocaine + nicotine combinations that produced 50% cocaine-appropriate responding ED50
values for cocaine alone and cocaine + nicotine in combination were compared with a paired
t-test (GraphPad Prism 5.00 for MacIntosh; GraphPad Software Inc.).

Cocaine, Nicotine and Cocaine+Nicotine Self-administration
Surgical Procedure—To permit intravenous drug delivery, a double-lumen silicone®
catheter was surgically implanted into a jugular or femoral vein under aseptic conditions as
described previously (Mello et al., 2008). The intravenous catheter was protected by a tether
system consisting of a custom-fitted nylon vest connected to a flexible stainless steel cable
and fluid swivel (Lomir Biomedical, Inc., Malone, NY). Two syringe pumps were mounted
above each chamber. One syringe pump delivered self-administered drug or saline injections
through one catheter lumen, and the second syringe pump was used for non-contingent
delivery of saline through the second catheter lumen. Catheter patency was evaluated
periodically by administration of a short-acting barbiturate, methohexital sodium (3 mg/kg)
through the catheter lumen. Patency was inferred from a decrease in muscle tone within 10
sec.

Response Requirements—Procedures for evaluating the reinforcing effects of nicotine,
cocaine, and cocaine + nicotine combinations were similar to those used in our previous
studies of cocaine + heroin combinations (Mello & Negus, 1998, 1999, 2001, 2007; Mello et
al., 1995). Schedules of reinforcement were programmed with custom-designed software
and IBM compatible computers and interface systems (see\ (Mello et al., 1995). Each day
consisted of four sessions and studies were conducted 7 d/week. Food was available for self-
administration at 11am, 3pm, 7pm, and 6am the next morning, and the cocaine self-
administration sessions began at 12pm, 4pm, 8pm, and 7am the next morning. Room lights
were off during all experimental sessions.

Monkeys responded under an FR2 [VR16:S] second-order schedule of reinforcement for
food pellets and drug or saline injections. At the beginning of each session, stimulus lights in
the center response key were illuminated (red for food, green for drug). Completion of a
variable ratio (VR) averaging 16 responses turned off that stimulus light and turned on the
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same colored stimulus light located below the response key for 1 s (VR16:S). Completion of
a second VR16 turned off the stimulus light illuminating the response key, turned on the
same colored stimulus light beneath it for 1 s and the circuitry dellivered a 1-g banana-
flavored food pellet or a 0.1 ml injection of cocaine or saline over 1 second. Reinforcer
delivery was followed by a 10-s time-out period during which stimulus lights remained off
and responding had no scheduled consequences. If 25 food pellets or 20 injections were
delivered before the end of the 1-hr session, then all stimulus lights were turned off, and
responding had no scheduled consequences for the remainder of that session. Thus, a
monkey could earn a maximum of 100 pellets/day and 80 injections/day. These procedures
were used for all drug self-administration experiments.

Testing procedure—Training continued until monkeys met the following criteria for
stable food and cocaine self-administration under the FR2 [VR16:S] schedule of
reinforcement: 1) three consecutive days during which the number of drug injections/day
varied by no more than 20% of the three-day mean with no upward or downward trend, and
2) the mean number of both food pellets and injections delivered per day was equal to or
greater than 60. Once responding was stable, saline, and drug dose-effect curves for cocaine
(0.001–0.1 mg/kg/inj), nicotine (0.001–0.1 mg/kg/inj), and cocaine (0.001–0.01 mg/kg/inj) +
nicotine (0.001–0.01 mg/kg/inj) combinations were determined. Each dose was substituted
for a minimum of 7 days and until responding was stable according to the above criteria, or
for a maximum of 10 days. Following each substitution test, monkeys were returned to the
maintenance dose of cocaine, 0.01 mg/kg/inj, for at least three days and until responding
returned to baseline levels. In one exception, one monkey was maintained on 0.0032 mg/kg/
inj cocaine prior to being tested with a combination of cocaine 0.0032 + nicotine 0.0032 mg/
kg/inj and a combination of cocaine 0.0032 + nicotine 0.01 mg/kg/inj. The doses and drugs
were presented in an irregular order that differed for each monkey.

Data Analysis for Drug Self-administration Studies—The primary dependent
variables were the total number of drug or saline injections and food pellets self-
administered per day. The number of injections self-administered during the last three days
of each substitution condition were averaged. Changes in drug-maintained responding from
baseline were evaluated using a one-way repeated measures analysis of variance (ANOVA).
Differences between self-administration of cocaine alone and cocaine + nicotine in
combination were evaluated using a two-way repeated measures ANOVA. A significant
ANOVA (P < 0.05) was followed by a Bonferroni multiple comparison posthoc test when
appropriate. (GraphPad Prism 5.0c for Macintosh; GraphPad Software Inc.).

Three monkeys completed all drug conditions of the study. Mean ED50 values, defined as
the dose of cocaine that produced 50% of maximum possible numbers of injections per day
(80 inj/day), were computed for cocaine and nicotine alone, and for the drug combinations.

Drugs—Cocaine HCl was provided by the National Institute on Drug Abuse (Rockville,
MD, USA) and prepared in sterile saline (0.9%). (−)-Nicotine hydrogen tartrate was
obtained commercially (Sigma-Aldrich, St. Louis, MO, USA) and solubilized in sterile
water and buffered with NaOH to achieve a pH of 6–7. Self-administered drugs were sterile-
filtered with a 22-micron syringe-driven filter. The cocaine + nicotine combinations were
combined in the same syringe. Cocaine doses are expressed as the salt form, nicotine doses
are expressed as the base.
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RESULTS
Cocaine Discrimination

Cocaine discrimination performance—During the training days preceding test days,
monkeys responded almost exclusively on the saline key during saline sessions and almost
exclusively on the cocaine key during cocaine sessions (data not shown). Response rates
were similar during saline (2.69 ±0.67 responses/second) and cocaine training sessions (3.16
±0.83 responses/second). Figure 1 (upper panels) shows cocaine dose-effect curves
following cumulative dosing in individual monkeys. Cocaine (0.04–1.3 mg/kg, IM)
produced a dose-dependent increase in cocaine-appropriate responding in all monkeys. The
ED50 values for producing 50% cocaine appropriate responding were 0.23 mg/kg for
monkey 90B147, 0.06 mg/kg for monkey 92N012, and 0.26 mg/kg for monkey RQB9.
Response rates were generally comparable at all doses tested and were within the range of
control values; however, the highest dose of cocaine (1.3 mg/kg) suppressed responding in
monkey 92N012.

Effects of nicotine substitution—Figure 1 (lower panels) shows percent cocaine
appropriate responding during cumulative dosing with nicotine in individual monkeys.
Nicotine was substituted for cocaine to assess the extent to which the discriminative
stimulus for nicotine was similar in cocaine-trained monkeys. Unlike cocaine, nicotine
produced exclusively saline-appropriate responding in two monkeys. However, in one
monkey, 92N012, 0.32 mg/kg nicotine produced 79% cocaine-appropriate responding. In
this particular monkey, lower doses of cocaine also generalized to the cocaine training dose.
Rates of food-maintained responding were unaffected by nicotine and were within the range
of control values.

Effects of nicotine pretreatment on cocaine discrimination—Subsequently, single
doses of cocaine alone and after treatment with 0.32 mg/kg nicotine were tested (Figure 2).
As was observed with cumulative dosing, single doses of cocaine fully substituted for the
cocaine training dose, 0.4 mg/kg, in a dose-dependent manner in all three monkeys. When
nicotine (0.32 mg/kg, IM) was given as a pretreatment to cocaine, it enhanced the
discriminative stimulus effects of low doses of cocaine that normally produce saline-like
responding in two monkeys. Pretreatment with 0.32 mg/kg nicotine shifted the cocaine dose-
effect curve leftward in two monkeys (90B147, 92N012), but produced no effect in monkey
RQB9. ED50 values for cocaine alone and cocaine + 0.32 mg/kg nicotine, respectively, were
0.23 mg/kg and 0.08 mg/kg for monkey 90B147; 0.23 mg/kg and 0.023 mg/kg for monkey
92N012; and 0.23 mg/kg and 0.23 mg/kg for monkey RQB9. These ED50 values did not
differ significantly as compared with a paired t-test [t (2)(=1.9]. Pretreatment with 0.32 mg/
kg nicotine did not alter rates of food-maintained responding in any of the three monkeys.

Cocaine and nicotine self-administration
Self-administration of cocaine and nicotine alone—Baseline levels of cocaine self-
administration were stable and 0.01 mg/kg/inj reliably maintained the near-maximum
number of daily injections (76 ± 2.04 injections/day; Figure 3). Cocaine was self-
administered in a dose-dependent manner and 0.032 mg/kg/inj maintained peak injection
levels similar to 0.01 mg/kg/inj. When saline was substituted for cocaine, self-administration
behavior decreased to low levels of 8.22 ± 2.42 injections/day. A one-way repeated
measures ANOVA detected statistically significant differences between cocaine doses [F
(10,32) = 15.27; P < 0.0001]. Significant differences in responding maintained by saline and
cocaine 0.0032 mg/kg/inj (P < 0.05), as well as between saline and cocaine 0.01–0.1 mg/kg/
inj (P < 0.0001) were detected by Bonferroni multiple comparison posthoc tests.
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Figure 3 also shows self-administration of nicotine alone after substitution for cocaine in the
same group of monkeys. Nicotine maintained stable levels of responding and the
relationship between number of injections and nicotine dose was characterized by an
inverted U-shaped curve. Low doses of nicotine, (0.00032 and 0.001 mg/kg/inj), maintained
levels of responding comparable to saline. The maximum number of nicotine injections was
maintained by 0.0032 mg/kg/inj (46.44 ± 3.63 inj/day) and 0.01 mg/kg/inj (46.33 ± 7.18 inj/
day). Higher nicotine doses (0.032 and 0.1 mg/kg/inj) were on the descending limb of the
dose-effect curve. Bonferroni posthoc tests indicated statistically significant differences
between saline and nicotine injections (0.0032 and 0.01 mg/kg/inj), (P < 0.01) and between
saline and cocaine injections (0.032 mg/kg/inj) (P < 0.05)]. Intermediate to high doses of
nicotine maintained significantly lower levels of responding than corresponding doses of
cocaine. Statistically significant differences were detected between 0.01 mg/kg/inj cocaine
and 0.01 mg/kg/inj nicotine (P < 0.05); between 0.032 mg/kg/inj cocaine and 0.032 mg/kg/
inj nicotine (P < 0.01); and between 0.1 mg/kg/inj cocaine and 0.1 mg/kg/inj nicotine (P <
0.001).

Figure 4 shows nicotine and cocaine self-administration dose-effect curves in five individual
monkeys. Two animals that lost catheter patency prior to completing the nicotine dose-effect
curve were not included in the statistical analysis or group figure. All monkeys self-
administered both cocaine and nicotine dose-dependently, and these data are consistent with
group data shown in Figure 3. Peak responding for nicotine occurred at unit doses of 0.0032
or 0.01 mg/kg/inj nicotine and peak responding for cocaine occurred at unit doses of 0.01 or
0.032 mg/kg/inj. The potency of nicotine and cocaine as reinforcers was similar. The highest
doses of cocaine (0.1 mg/kg/inj) and nicotine (0.032 or 0.1 mg/kg/inj) maintained low levels
of responding and were on the descending limb of the dose-effect curve.

Self-administration of nicotine + cocaine combinations—Figure 5 compares self-
administration of cocaine + nicotine combinations to cocaine alone. We examined the
reinforcing effects of combinations of unit doses of nicotine and cocaine that fell on the
ascending limbs of the dose effect curves when tested individually. Combinations of cocaine
+ nicotine were self-administered in a dose-dependent manner. A combination of 0.001 mg/
kg nicotine with cocaine (0.001–0.1 mg/kg/inj) produced a slight leftward shift in the
cocaine dose-effect curve (Figure 5, left panel). Increasing the nicotine dose to 0.0032 mg/
kg/inj did not further increase the shift in the cocaine dose-effect curve (Figure 5, middle
panel). However, increasing the nicotine dose by an additional ½-log unit to 0.01 mg/kg/inj
produced a significant upward and leftward shift in the cocaine dose-effect curve (Figure 5,
right panel).

A two-way repeated measures ANOVA comparing cocaine alone to cocaine + nicotine
revealed a significant main effect of drug (i.e., cocaine vs. cocaine + nicotine) [F(3,18) =
4.05, P < 0.05], and of dose [F(2,18) = 6.49, P < 0.05]. Bonferroni posthoc tests revealed
significant differences between cocaine alone and cocaine (0.001 and 0.0032 mg/kg/inj)
combined with 0.01 mg/kg/inj nicotine (P < 0.05). Responding maintained by 0.01 mg/kg/
inj cocaine was not affected by the addition of any nicotine dose. However, this unit dose of
cocaine maintains maximum responding under baseline conditions, so a ceiling effect may
have precluded further increases. A combination of 0.01 mg/kg/inj nicotine with cocaine
produced a 3-fold shift in ED50 values for cocaine self-administration. The ED50 values for
cocaine alone and when combined with 0.01 mg/kg/inj nicotine were 0.0023 mg/kg/inj (95%
CL: 0.0018–0.0028) and 0.0007 mg/kg/inj (95% CL: 0.0007–0.0008) respectively. No dose
of nicotine up to 0.01 mg/kg/inj reduced cocaine self-administration. Responding for food
was maintained at maximum levels (100 pellets/day) throughout all drug conditions and was
not affected by any drug self-administration condition (data not shown).
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DISCUSSION
The goal of this study was to examine the interactions between cocaine and nicotine in a
novel polydrug model of cocaine and nicotine self-administration. Our major findings were
that nicotine enhanced the discriminative stimulus and reinforcing effects of cocaine.
Nicotine dose-dependently shifted the cocaine self-administration dose-effect curve to the
left. Importantly, self-administration of a combination of low doses of nicotine + cocaine
was greater than self-administration of the same dose of either nicotine or cocaine alone.
These findings are consistent with our previous reports that self-administration of another
frequently abused drug combination, cocaine + heroin (‘speedball’), is enhanced under
similar conditions in rhesus monkeys (Mello & Negus, 1998, 1999, 2001, 2007; Mello et al.,
1995). The relation of these data to the literature and some implications of these findings are
discussed below.

Drug Discrimination: Cocaine-Nicotine Interactions
Although nicotine alone did not produce cocaine-like discriminative stimulus effects in the
present study, pretreatment with nicotine produced a slight leftward shift in the cocaine
dose-effect curve. Similarly in rats, pretreatment with nicotine produced an increase in
cocaine’s discriminative stimulus effects (Desai et al., 1999). Taken together, these findings
suggest that nicotine may enhance the discriminative stimulus effects of cocaine. Previous
studies in rhesus monkeys have suggested that nicotine may substitute for the cocaine
stimulus in monkeys trained to discriminate a low dose of cocaine (0.25 mg/kg) (de la Garza
& Johanson, 1983). It is often argued that use of a low training dose may reduce the
pharmacological selectivity of the training cue, and increase the maximal effects of
individual drugs and/or the overall range of drugs that produce substitution (Kantak,
Riberdy, & Spealman, 1999; J. W. Smith & Stolerman, 2009; I.P. Stolerman, 1993; Terry,
Witkin, & Katz, 1994).

Drug Self-administration: Cocaine-Nicotine Interactions
Cocaine self-administration was dose-related in a typical inverted U-shaped pattern. When
nicotine was substituted for cocaine, nicotine maintained less responding than cocaine, but
more than saline. However, when nicotine was combined with marginally reinforcing doses
of cocaine, nicotine dose-dependently and significantly increased cocaine-maintained
responding. These data are consistent with a recent study of the reinforcing effects of
cocaine + nicotine combinations in rhesus monkeys using a progressive ratio schedule
(Freeman & Woolverton, 2009). The addition of nicotine to IV cocaine solutions also shifted
the cocaine dose-effect curve leftward but did not increase the progressive ratio break point
(Freeman & Woolverton, 2009). The “breakpoint” is highest ratio of responses that is
emitted for a single drug injection, and is the primary measure of reinforcing efficacy. These
data were interpreted as reflecting an increase in cocaine’s potency, rather than its
reinforcing strength (Freeman & Woolverton, 2009).

We found that nicotine was reliably self-administered when it was substituted for cocaine,
whereas Freeman and Woolverton did not (Freeman & Woolverton, 2009). However,
nicotine does not appear to be as readily self-administered by laboratory animals as other
drugs of abuse studied under similar conditions (for a review, see Le Foll, Wertheim, &
Goldberg, 2007). Under choice conditions, rats reliably self-administer cocaine over nicotine
(Manzardo, Stein, & Belluzzi, 2002). Taken together, these findings suggest that nicotine
may be a weaker reinforcer than cocaine. However, the duration of nicotine exposure and
the schedule of reinforcement may be important determinants of differences in nicotine and
cocaine self-administration. In the present study for example, nicotine self-administration
may have been facilitated by continuous exposure over days. We evaluated each dose of
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nicotine for 7–10 consecutive days and re-established cocaine self-administration baselines
between periods of nicotine substitution. In contrast, Freeman and Woolverton studied each
dose alone and each dose combination for only 2 consecutive sessions (Freeman &
Woolverton, 2009).

Another important difference between our study and the report by Freeman and Woolverton
(Freeman & Woolverton, 2009) is the schedule of reinforcement used to maintain drug
responding. Freeman and Woolverton used a progressive ratio schedule that increases the
response requirement following delivery of each successive reinforcer. The beginning ratios
in the Freeman and Woolverton study ranged from 50 to 200, which may have been too high
to initiate nicotine self-administration. Successful establishment of nicotine self-
administration typically begins with training under low ratio values or with interval
schedules (Le Foll et al., 2007; Slifer & Balster, 1985; Spealman & Goldberg, 1982).
Additionally, second-order schedules with interval and ratio response components have been
shown to facilitate nicotine self-administration in previous studies (Goldberg, Spealman, &
Goldberg, 1981; Spealman & Goldberg, 1982). The second-order schedule of reinforcement
(FR2[VR16:S]) used in the present study was similarly effective in maintaining nicotine
self-administration. Finally, the monkeys used in our study had extensive histories of
cocaine self-administration (≥ 3 years), but it is unlikely that this was a critical factor.
Previous studies have shown that cocaine self-administration history alone may not be
sufficient to establish reliable nicotine self-administration (Ator & Griffiths, 1983; de la
Garza & Johanson, 1987). It appears that the schedule of reinforcement and duration of
nicotine exposure, may be the most important antecedent conditions for establishing nicotine
as a reinforcer.

The nicotine + cocaine dose combinations examined in the present study maintained self-
administration near the maximum number of injections available (80 injections/day). This
limit on the total number of injections may have precluded further increases in the peak of
the dose-effect curve. Higher doses of nicotine may have increased or decreased cocaine
self-administration. Interestingly, response-contingent nicotine can be a punisher at the same
doses that maintain responding (Goldberg & Spealman, 1983; Goldberg, Spealman, Risner,
& Henningfield, 1983). However, the highest dose of nicotine (0.1 mg/kg/inj) that we tested
in combination with cocaine, did not decrease drug-maintained responding. Similarly,
combining cocaine with a high dose of nicotine (0.05 mg/kg/inj) did not decrease drug self-
administration in previous studies (Freeman & Woolverton, 2009).

Concordance between Clinical and Preclinical Data
The present findings are in agreement with some findings from clinical laboratory and self-
report studies. As noted in the Introduction, concurrent use of cocaine is often associated
with increased nicotine intake. Cocaine users report smoking more cigarettes during periods
of cocaine use (Roll et al., 1996; Roll et al., 1997). Also, amphetamine dose-dependently
increased number of cigarettes smoked and ratings of cigarette satisfaction in a clinical
laboratory study (Henningfield & Griffiths, 1981). Nicotine may also set the occasion for
cocaine-seeking behavior. Nicotine enhanced reports of craving induced by cocaine-related
cues in individuals with cocaine use histories (Reid, Mickalian, Delucchi, & Berger, 1999;
Reid, Mickalian, Delucchi, Hall, & Berger, 1998).

Although cocaine maintained higher levels of IV self-administration than nicotine in our
rhesus monkeys, a direct comparison of subjective reactions to cocaine and nicotine in man
yields a complex picture. Nicotine produced higher ratings on Visual Analog Scale (VAS)
measures of “High”, “Stimulated”, “Rush”, “Good Effect”, as well as “Bad Effect” and
“Jittery” (Jones, Garrett, & Griffiths, 1999). Only “Drug Liking” was slightly higher for
cocaine, and subjects were willing to pay more money for cocaine than for nicotine (Jones et
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al., 1999). When cocaine and nicotine doses were equated for VAS reports of “Drug Effect”,
reports of “Good Effects” were greater for cocaine and “Bad Effects” were greater for
nicotine (Jones et al., 1999). The extent to which the aversive effects of IV nicotine may
have contributed to the observed differences between nicotine and cocaine self-
administration in the present study cannot be determined with certainty from these data.

Another study evaluated the effects of transdermal nicotine on the subjective and reinforcing
effects of cocaine (Sobel, Sigmon, & Griffiths, 2004). VAS ratings and choice for cocaine
vs money were measured during chronic treatment with either a transdermal nicotine or
placebo patch. Although the differences in positive subject-rated effects of cocaine under
active nicotine vs placebo treatment conditions were not statistically significant, most VAS
ratings were higher under the active nicotine condition. Subjects’ choice for cocaine vs
money also did not differ between the nicotine and placebo patch conditions (Sobel et al.,
2004). In contrast, another clinical study reported that transdermal nicotine attenuated the
positive subjective ratings of cocaine after 12 hours of nicotine exposure (Kouri, Stull, &
Lukas, 2001).

Possible Mechanisms Underlying Cocaine-Nicotine Interactions
Both cocaine and nicotine produce their reinforcing effects through increases in extracellular
dopamine (DiChiara & Imperato, 1988). The combination of marginally reinforcing doses of
each drug may produce an additive increase in dopamine that could explain our finding that
cocaine + nicotine combinations were more reinforcing than either drug alone. Indeed,
nicotine augments cocaine-induced increases of extracellular dopamine within the nucleus
accumbens in a pharmacologically additive manner (Gerasimov et al., 2000; Sziraki et al.,
1999; Zernig et al., 1997). Additive or supra-additive effects on dopamine release have also
been observed for combinations of cocaine and heroin (Hemby, Co, Dworkin, & Smith,
1999; J. E. Smith, Co, Coller, Hemby, & Martin, 2006). Moreover, pharmacological studies
have shown that some effects of cocaine and nicotine can be mimicked by dopamine
agonists or blocked by dopamine antagonists (Corrigall & Coen, 1991; Desai et al., 2003).
Interestingly, mecamylamine, a noncompetitive nicotine receptor antagonist, can prevent the
escalation of cocaine self-administration in rats (Hansen & Mark, 2007). In clinical studies,
mecamylamine may reduce reports of cue-induced cocaine craving in individuals who are
co-dependent on nicotine and cocaine (Reid et al., 1999).

Enhancement of cocaine’s reinforcing effects may also reflect a nicotine-related increase in
the saliency of stimuli associated with cocaine. We used a second-order schedule, in which
response-contingent drug-associated stimuli are intermittently presented between drug
injections. An early study in squirrel monkeys found that behavior maintained by nicotine-
associated stimuli and nicotine injections was greater than behavior maintained by nicotine
alone (Goldberg & Gardner, 1981; Goldberg et al., 1981). In this laboratory, we have found
that second-order schedules reliably maintain self-administration of opioids, cocaine, and
nicotine as well as combinations of cocaine and heroin and cocaine and nicotine (Mello &
Negus, 1998, 1999, 2001, 2007; Mello et al., 1995). Moreover, this procedure has been
useful for evaluations of candidate treatment medications and results have shown good
concordance with clinical trials (Mello, 2005). Taken together, findings from preclinical and
clinical studies provide compelling evidence for pharmacological and behavioral
interactions between nicotine and cocaine, which could influence treatment of dependence
on one or both drugs.

Because nicotine and cocaine are frequently used together, a preclinical model incorporating
the self-administration of both drugs simultaneously will be useful for evaluating potential
medications or medication combinations for treating this form of polydrug abuse. A number
of previous studies have demonstrated that medication combinations are more effective in
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reducing dependence upon a drug combination, such as cocaine and heroin (Mello, 2005;
Mello & Negus, 1998, 1999, 2001, 2007). Moreover, this model will be important for
understanding the reinforcing effects of nicotine and cocaine combinations.
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Figure 1.
Cumulative dose-effect curves for cocaine (●, upper panels) and for nicotine (▼, lower
panels) in three individual monkeys trained to discriminate 0.4 mg/kg cocaine from saline.
Abscissae: Cocaine (Upper panels) and nicotine (Lower panels) dose in mg/kg (log scale).
Left ordinates (Filled symbols): % Cocaine-appropriate responding. Right ordinates
(Unfilled symbols): Response rate (responses/second). Data points above “S” and “C” show
control data from saline and cocaine training cycles, respectively. Each point represents one
determination at each dose. Each monkey’s identification number is located above the
figures.
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Figure 2.
Effects of nicotine pretreatment on cocaine discrimination in individual monkeys.
Abscissae: Cocaine dose in mg/kg (log scale). Ordinate (Upper panel): % Cocaine-
appropriate responding. Ordinate (Lower panel): Response rates (responses/second). Upper
figures show % cocaine-appropriate responding following administration of single doses of
cocaine alone (●) and single doses of cocaine followed by pretreatment with 0.32 mg/kg
nicotine (▼). Lower figures show response rates. Each monkey’s identification number is
located above the figures.
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Figure 3.
Self-administration of cocaine alone (●) and nicotine alone (▼) in a group of three
monkeys. Abscissa: Saline or drug unit dose (mg/kg/injection). Ordinate: Mean (±SEM)
injections obtained on the last three days of each dose condition. The point above ‘S’
represents the number of injections when saline was available for self-administration.
Asterisks indicate drug unit doses that differed significantly from saline self-administration
(* P < 0.05; ** P < 0.01; *** P < 0.001). Daggers indicate unit doses of nicotine that
maintained levels of responding that were significantly different from corresponding unit
doses of cocaine († P < 0.05; †† P < 0.01; ††† P < 0.001).
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Figure 4.
Self-administration of cocaine alone (●) and nicotine alone (▼) in individual monkeys.
Abscissae: Saline or drug unit dose (mg/kg/injection). Ordinates: Mean (±SEM) injections
obtained on the last three days of each dose condition. Points above ‘S’ represent numbers
of injections when saline was available for self-administration. Each monkey’s identification
number is shown in the upper left of each panel. Where no error bars are visible, the error
bar is contained within the symbol.
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Figure 5.
Self-administration of cocaine alone (●) and in combination with 0.001 mg/kg/inj nicotine
(◑), 0.0032 mg/kg/inj nicotine (◮), and 0.01 mg/kg/inj nicotine (◨) in a group of three
monkeys. Abscissae: Saline or drug unit dose (mg/kg/injection). Ordinates: Total injections
obtained on the last three days of each dose condition. Points above ‘S’ represent number of
injections when saline was available for self-administration and points above ‘N’ represent
number of injections when only nicotine (0.001, 0.0032, and 0.01 mg/kg/inj) was available
for self-administration. The cocaine alone dose-effect curve is repeated on each graph for
comparison with the cocaine + nicotine combinations. Asterisks indicate unit doses of
cocaine + nicotine that were significantly different from corresponding doses of cocaine
alone (* P < 0.05).
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