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Abstract

Background—The Drug Enforcement Agency estimates that 80% of cocaine seized in the
United States contains the veterinary pharmaceutical levamisole (LVM). One problem with LVM
is that it is producing life-threatening neutropenia in an alarming number of cocaine abusers. The
neuropharmacological profile of LVM is also suggestive of an agent with modest reinforcing and
stimulant effects that could enhance cocaine’s addictive effects.

Methods—We tested the hypothesis that LVM (ip) enhances the rewarding and locomotor
stimulant effects of cocaine (ip) using rat conditioned place preference (CPP) and locomotor
assays. Effects of LVM by itself were also tested.

Results—LVM (0-10 mg/kg) produced CPP at 1 mg/kg (P < 0.05) and locomotor activation at 5
mg/kg (P < 0.05). For CPP combination experiments, a statistically inactive dose of LVM (0.1
mg/kg) was administered with a low dose of cocaine (2.5 mg/kg). Neither agent produced CPP
compared to saline (P > 0.05); however, the combination of LVM and cocaine produced enhanced
CPP compared to saline or either drug by itself (P < 0.01). For locomotor experiments, the same
inactive dose of LVM (0.1 mg/kg, ip) was administered with low (10 mg/kg) and high doses (30
mg/kg) of cocaine. LVM (0.1 mg/kg) enhanced locomotor activation produced by 10 mg/kg of
cocaine (P < 0.05) but not by 30 mg/kg (P > 0.05).
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Conclusions—LVM can enhance rewarding and locomotor-activating effects of low doses of
cocaine in rats while possessing modest activity of its own.

Keywords

1. INTRODUCTION

Cocaine accounts for 25% of emergency department visits for drug misuse; furthermore, 1.6
million individuals aged 12 or older are estimated to be cocaine users, and relapse occurs in
greater than 50% of cocaine addicts (SAMHSA, 2013; Gerlach et al., 2014). Health risks for
cocaine abusers are being exacerbated by levamisole (LVVM), an antiparasitic drug and
veterinary pharmaceutical (Auffenberg et al., 2013). LVM has been identified as a prevalent
cocaine adulterant; in fact, the Drug Enforcement Agency (DEA) estimates that up to 80%
of cocaine seized in the United States contains LVM (Wolford et al., 2012). One problem
with LVM is that it produces severe neutropenia, and it is this effect that is responsible for
the large number of cocaine abusers presenting with life-threatening immunological deficits.
Hazards of LVVM-tainted cocaine are being reported by the news media, scientific
publications, and government agencies (Zhu et al., 2009; Chang et al., 2010; Ullrich et al.,
2011). In addition to the estimate that LVVM is present in 8 out of 10 cocaine samples, DEA
data also indicate an average concentration of 10% LVM is detected in cocaine. Buchanan et
al (2010) also demonstrated the presence of LVM (as high as 10%) in a patient’s crack
cocaine pipe, confirming LVM as an adulterant.

Speculation about the presence of LVM in cocaine centers around two overlapping
hypotheses. One explanation is that drug manufacturers add LVM to increase the amount of
“final product’ to increase profits. LVM has characteristics that are ideal for an adulterant,
namely that it is cheap, has similar physicochemical properties to cocaine, and is easily
accessible as a veterinary pharmaceutical in regions in which the laced cocaine originates. A
second explanation is that LVM can modify addictive effects of cocaine. The
neuropharmacological profile of LVM, while still incomplete, is suggestive of an agent that
could enhance the rewarding, reinforcing, and stimulant effects of cocaine while possessing
modest activity of its own. Prior work indicates that LVVM activates nicotinic receptors,
especially the a3p4 subtype, and inhibits monoamine oxidase (MAO) activity, and both
nicotinic agonists and MAO inhibitors enhance in vivo actions of COC by increasing DA
transmission (Hernando et al., 2012; Levandoski et al., 2003; Agarwal et al., 1990). Patients
taking LVM as an adjunctive cancer therapy have reported mood-elevating effects
associated with elevation of monoamine transmission (Goldin et al., 1982).

Here, we tested the hypotheses that LVM enhances the rewarding and locomotor-activating
effects of cocaine in rats and displays modest rewarding and locomotor-stimulant effects of
its own. We are aware of only one other experimental study that has investigated this drug-
drug interaction (Tallarida et al., 2014). That study was our own recent work and was
conducted in planarians, a type of flatworm with mammalian-relevant neurotransmitter
systems that demonstrates quantifiable pharmacological responses (e.g., abstinence-induced
withdrawal, environmental place conditioning, stereotypical activity, sensitization, etc.) to
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different classes of abused drugs (Raffa and Rawls, 2008; Buttarelli et al., 2008; Pagan et
al., 2008, 2009, 2013; Eriksson and Panula, 1994). In that study, we demonstrated that LVM
interacted synergistically with cocaine and specifically enhanced place conditioning and
stereotypical effects of cocaine (Tallarida et al., 2014). Here, we have taken the important
step of providing the first experimental evidence that LVM enhances rewarding and
locomotor-stimulant effects of low doses of cocaine in mammals.

2. EXPERIMENTAL PROCEDURES

2.1. Subjects and drugs

Male Sprague-Dawley rats (225-250 g, Harlan Laboratories, Frederic, MD, USA) were pair-
housed, maintained on a 12-hr light/dark cycle, and provided access to food and water ad
libitum. Procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at Temple University. (=)-Cocaine hydrochloride (cocaine) was generously
provided by the National Institute on Drug Abuse (Bethesda, MD, USA). Levamisole
hydrochloride (LVVM) was purchased from Sigma-Aldrich (St. Louis, MO, USA). All drugs
were dissolved in physiological saline and injected intraperitoneally (ip). The dose range
(0.1-10 mg/kg) was based on prior work showing that it can increase endogenous levels of
opiate alkaloids and attenuate the opioid withdrawal syndrome in rats (Spector et al., 1998).
The dose range of cocaine (2.5-30 mg/kg) was based on prior work showing that 10 mg/kg
of cocaine produces more robust and consistent CPP than lower and higher doses in rats
(Zakharova et al., 2009).

2.2. Behavioral experiments

2.2.1. Conditioned place preference (CPP) experiments—CPP chambers (27.5” W
x 8.75” D x 16” H) were obtained from San Diego Instruments (San Diego, CA, USA). The
chambers consisted of two compartments separated by a removable door, and CPP
experiments were conducted as previously described (Schroeder et al., 2014). One
compartment was black with a rough floor and the other compartment was white with black
stripes consisting of a smooth floor. The movement of each rat was captured by 4 x 16 photo
beam arrays, stored in the place preference system, and later were exported to Microsoft
excel for analysis. A 6-day biased design consisting of three different phases w: 1) a pre-test
in the absence of drug on day 1; 2) 4 days of drug conditioning; and 3) a post-test on day 6
in the absence of drug. On day 1, rats were acclimated for 30 min to the test room and then
placed individually into the chamber (in the absence of the removal door) and allowed free
access to both sides of the chamber for 30 min.

The time spent in each compartment of the chamber was measured, and the compartment in
which the rat spent the least amount of time (i.e., the non-preferred compartment) was
designated as the drug-paired side. During the conditioning phase (days 2-5), rats were once
again acclimated to the test room for 30 min in the morning and then injected with cocaine,
LVM, or a combination of cocaine and LVM and confined to their non-preferred side. In the
afternoon, 4 h later, rats were injected with saline and confined to their preferred side.
Control animals were conditioned with saline on each side of the chambers. On day 6
following the 30-min acclimation interval, rats were placed back into the chambers and
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allowed free access to both compartments for 30 min. A preference score was calculated for
each rat as the difference in time spent on the drug paired side on post-test and pre-test days
(i.e., preference score = time spent on drug-paired side post-test — time spent on drug-paired
side pre-test).

2.2.2. Locomotor Experiments—LVM was tested by itself and in combination with
cocaine. In the initial set of experiments, LVM (1, 5, 10 mg/kg) or saline was injected once
and locomotor activity was measured. For combination experiments, a statistically inactive
dose of LVM (0.1 mg/kg, determined from the initial set of experiments) was administered
with two different doses of cocaine (10, 30 mg/kg).

For assessment of locomotor activity, rats were placed individually into activity chambers
and allowed to acclimate for 60 min. Basal activity was measured for 60 min prior to drug
injection, followed by measuring of activity for 60 min. The Digiscan DMicro system
(Accuscan, Inc., Columbus, OH) was used to measure locomotor activity as described
(Schroeder et al., 2014; Tallarida et al., 2013; Lisek et al., 2012; Rasmussen et al., 2011).
Chambers consisted of transparent plastic boxes (45 cm x 20 cm x 20 cm) set inside metal
frames equipped with 16 infrared light emitters and detectors. The beam height was 4.5 cm,
and the space between beams was 2.5 cm. The number of photocell beam breaks was
recorded by a computer interface.

2.3. Data analysis

For CPP experiments investigating multiple doses of LVVM, comparisons of group means (+
S.E.M.) were evaluated by one-way ANOVA, and in cases of significance, followed by
Dunnett’s post-hoc test. For CPP experiments investigating a combination of LVM and
cocaine, comparisons of group means (+ S.E.M.) were evaluated by two-way ANOVA
(LVM dosexcocaine dose), and in cases of significance, followed by a Bonferroni post-hoc
test. For locomotor experiments, time-course data were analyzed by two-way ANOVA
(treatmentxtime) followed by a Bonferroni test. Cumulative data were analyzed by either
one-way ANOVA (followed by Dunnett’s test) or a Student’s t-test in cases of two groups.
Values of P < 0.05 were considered statistically significant.

3. RESULTS

3.1. LVM produces CPP and enhances CPP produced by a submaximal dose of cocaine

One-way ANOVA conducted on the preference data in Fig.1 revealed a significant main
effect [F (3, 26) = 4.935, P < 0.01]. Post-hoc analysis indicated that LVM (1 mg/kg)
produced significant CPP compared to saline (P < 0.05). The preference shift produced by
LVM (1 mg/kg) was 317 + 112 s compared to 59 + 53 s for saline-treated controls. Lower
(0.1 mg/kg) and higher (10 mg/kg) doses of LVM did not produce CPP compared to saline
(P> 0.05).

Fig. 2 presents the effects of a combination of a low dose of cocaine (2.5 mg/kg) and a dose
of LVM (0.1 mg/kg) that was statistically ineffective in producing CPP (Fig. 1). Two-way
ANOVA of the place preference data revealed significant drug interaction and treatment
effects (Drug Interaction: F (1,26) = 5.62, P < 0.05; LVM dose: F (1,26) = 3.42, P > 0.05;
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cocaine dose: F (1,26) = 13.40, P < 0.01). Bonferroni post-hoc analysis indicated that rats
conditioned with a combination of cocaine (2.5 mg/kg) and LVM (0.1 mg/kg) displayed a
significant preference shift as compared to saline-conditioned rats (P < 0.01, LVM/COC
versus SAL); cocaine alone (2.5 mg/kg) (P < 0.01, LVM/COC versus SAL); and LVM alone
(0.1 mg/kg) (P < 0.01, LVM/COC versus LVM). Neither cocaine (2.5 mg/kg) nor LVM (0.1
mg/kg) produced significant CPP compared to saline controls (P > 0.05). LVM (0.1 mg/kg)
did not significantly enhance CPP produced by a higher dose of cocaine (P > 0.05, Student’s
t-test).

3.2. LVM produces locomotor activation and enhances locomotor stimulant effects of a
low dose of cocaine

Effects of different doses of LVM on locomotor activity are presented in Fig 3. Two-way
ANOVA conducted on time-course data revealed significant effects of treatment [F (3, 260)
=14.51, P <0.0001] and time [F (12, 260) = 2.33, P < 0.01]. Post-hoc analysis revealed that
the median dose of LVM (5 mg/kg) produced significant locomotor activation compared to
saline treatment 5 min following injection (P < 0.05). For cumulative data (Fig. 3 inset),
calculated as the total number of activity counts from the time of injection until 60 min later,
one-way ANOVA indicated a significant main effect [F (3, 20) = 3.886, P < 0.05]. Post-hoc
analysis indicated that 5 mg/kg of LVM produced significant locomotor activation compared
to saline-treated controls (P < 0.05). Locomotor activation produced by lower (1 mg/kg) and
higher (10 mg/kg) was not significantly different than that produced by saline (P > 0.05).

For combined administration (Fig. 4), a dose of LVM (0.1 mg/kg) that was statistically
ineffective in producing CPP or locomotor activation by itself (Figs. 1, 3) was injected in
combination with two doses of cocaine (10, 30 mg/kg). Two-way ANOVA conducted on the
time-course data for the 10 mg/kg cocaine experiment revealed significant effects of
treatment [F (1, 182) = 41.34, P < 0.0001] and time [F (12, 182) =9.11, P < 0.0001] (Fig.
4A). Post-hoc analysis revealed that the combination of LVM (0.1 mg/kg) and cocaine (10
mg/kg) produced significantly greater locomotor activity than 10 mg/kg of cocaine alone at
the following time points following drug injection: (10 min, P < 0.01; 15 min, P < 0.05; 20
min, P < 0.05). Evaluation of cumulative data (Fig. 4 inset), calculated as the total number
of activity counts from the time of injection until 60 min later, confirmed that LVM
enhanced cocaine’s locomotor stimulant effect, as a Student’s t-test revealed that the
combination of LVM and cocaine produced greater locomotor activation than cocaine by
itself (P < 0.05). However, in experiments in which a higher dose of cocaine (30 mg/kg) was
tested in combination with LVM (0.1 mg/kg), the locomotor activation produced by cocaine
was not enhanced by the presence of LVM (P > 0.05) (Fig. 4B).

4. DISCUSSION

LVM can produce severe immunological deficits in cocaine abusers but its effects on
cocaine addiction have not been investigated in mammals (Wolford et al., 2012). Evidence
that LVM activates nicotinic and monamingeric systems (Hernando et al., 2012; Levandoski
et al., 2003; Agarwal et al., 1990; Goldin et al., 1982) led us to hypothesize that L\VM can
enhance rewarding and stimulant effects of cocaine and produce modest reinforcing and
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locomotor-stimulant effects of its own. That is indeed what we found, as the present study
provides the first experimental information in mammals that LVM enhances some of
cocaine’s in vivo effects. We demonstrated that L\VM alone can produce place conditioning
effects and locomotor activation. For combined administration, we found that some dose
combinations of LVM and cocaine produce an enhancement of CPP and locomotor
activation, which suggests that LVM can enhance cocaine’s rewarding and stimulant effects.
Thus, for cocaine abusers, LVM may increase the addictive effects of cocaine and produce
life-threatening neutropenia (Wolford et al., 2012; Zhu et al., 2009; Chang et al., 2010;
Ullrich et al., 2011).

The ability of cocaine to produce rewarding effects in place conditioning assays and
stimulant effects in locomotor and motility assays is established across different species,
including rats, mice and invertebrates (Nader et al., 2014; Tallarida et al., 2014; Pagan et al.,
2008, 2009, 2013; Rawls et al., 2010, 2011; Aguilar et al., 2009; Huber et al., 2011). In
contrast, for LVM, its in vivo profile remains incomplete despite being synthesized by
Janssen Pharmaceuticals almost five decades ago (Raeymakers et al., 1967). This is due in
part to the therapeutic history of LVM, which was originally marketed as an antiparasitic
drug for humans but withdrawn from the US market in 1999 due to the risk of
agranulocytosis (Keiser and Utzinger, 2008). More recently, LVM has been studied in
combination with chemotherapy agents and is now used in veterinary medicine to treat
parasitic infections in livestock, especially in South American regions where cocaine is
manufactured, which is presumably related to its prevailing association with cocaine
(Auffenberg et al., 2013).

Our behavioral results indicate that certain doses of LVM produce modest CPP and
locomotor activation in rats. Previously reported biological actions of LVM are indicative of
an agent that can produce direct or indirect augmentation of monoamine activity, and mood-
elevating effects have been reported in cancer patients taking LVM as an adjunctive therapy
(Goldin et al., 1982). At the cellular level, LVM activates nicotinic acetylcholine receptors
(nAChRs), with agonist effects at a3p4 nAChRs shown in C. elegans and partial agonist
activity demonstrated at human a3p4 and a3p2 nAChRs (Hernando et al., 2012; Levandoski
et al., 2003). Agonists of nAChRs produce positive reinforcing and locomotor-stimulant
effects by increasing dopaminergic transmission in the mesolimbic pathway, thereby leading
to enhanced levels of extracellular dopamine in the nucleus accumbens (Hendrickson et al.,
2013; Baker et al., 2013; Benwell and Balfour, 1992). High densities of a3p4 nAChRs are
located in the medial habenula (MH; Grady et al., 2009; Clarke et al., 1985), and the level of
activity of these MH a3p4 nAChRs influences mesolimbic dopamine output in the nucleus
accumbens and contributes to nicotine’s positive reinforcing and dopamine-activating
effects (McCallum et al., 2012; Glick et al., 2006, 2011). This evidence suggests that the
behavioral effects of LVM observed here may be due to a nicotine-type profile in which
LVM enhances mesolimbic DA output through activation of a334 nAChRs in the MH or
a4p2 and a6p2 nAChRs in the VTA (Chen et al., 2012; Zhao-Shea et al., 2011; Gotti et al.,
2010; Rollema et al., 2007; Picciotto et al., 1998; Pidoplichko et al., 1997). For the case of
combined exposure with cocaine, those actions of LVM may create a hyperactive
mesolimbic DA system that interacts synergistically or additively with cocaine’s dopamine
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reuptake block, leading to enhancement of dopamine transmission in the nucleus accumbens
and augmentation of reinforcement and locomotor activation. Future experiments, including
the testing of LVM and LVM/cocaine combinations in the presence of an a3p4 nAChR
antagonist such as 18-Methoxycoronaridine (18-MC), are planned to probe a mechanistic
role for NAChR systems in the behavioral effects demonstrated here (Glick et al., 2011).
Other mechanisms are also possible, including inhibition of monoamine oxidase that could
elevate dopamine, norepinephrine and serotonin levels, leading to locomotor activation and
reinforcement and enhancement of cocaine’s action (Agarwal et al., 1990; Vanhoultte et al.,
1977). Prior evidence also indicates that LVM increases endogenous opioid levels and
inhibits the opioid withdrawal syndrome in rats (Spector et al., 1998), raising the possibility
of a “speedball’ type of interaction in which LVVM, by increasing opioid tone, inhibits
GABA interneurons in the VTA leading to disinhibition of the mesolimbic DA system
(Lamas et al., 1998).

It should be pointed out that LVM by itself produced CPP at only one of the doses tested
(i.e., 1 mg/kg) and that doses at both the lower and higher ends of the spectrum were
ineffective. A similar inverted U-type response was also detected for locomotor
experiments, as only a single median dose (i.e., 5 mg/kg) produced locomotor activation. An
interesting analysis of those data is that CPP was detected at doses of LVM that were lower
than those required to produce acute locomotor activation (i.e.,1 versus 5 mg/kg). In fact,
this is not an unusual dose-effect profile, as with more established drugs, including cocaine,
CPP is often detected at lower doses than are needed for locomotor activation (Zakharova et
al., 2009). For CPP our most effective doses for cocaine are 5-10 mg/kg, and these doses
produce only limited hyperactivity following acute exposure (Parikh et al., 2014; Xu et al.,
2013; Gregg et al., 2013; Zakharova et al., 2009; Hummel and Unterwald, 2003). Higher
doses (e.g., 30 mg/kg) produce diminished responses due to their aversive effects (Bardo et
al., 1995; Tzschentke, 2007; Zakharova et al., 2009).

For our combination experiments, enhanced in vivo responses were detected for only some
dose-combinations of LVM and cocaine. For both CPP and locomotor experiments, greater
effects were detected for combinations in which a dose of LVM that was ineffective by itself
was administered with low, submaximal doses of cocaine (< 5-10 mg/kg). The inability of
LVM to enhance CPP or locomotor activation produced by high doses of cocaine may have
been due to a “ceiling effect’, a phenomenon in which a drug produces a maximum effect so
that increasing the drug dosage or, as in the present case, adding another type of drug does
not increase overall efficacy (Lufty and Cowan, 2004; Tallarida, 2011, 2012). The present
findings are for the most part consistent with what we demonstrated in our planarian study
(Tallarida et al., 2014), where we found that LVM enhances place conditioning produced by
submaximal concentrations of cocaine but not by higher, more efficacious, concentrations of
cocaine. The main difference between the planarian and rat studies was that L\VVM produced
significant place conditioning in rats but not in planarians, a discrepancy that may be related
to species differences or weak-to-modest efficacy for LVM that is highly dependent on
experimental variables. While the connection between the present findings and actual
cocaine abuse is unclear, the DEA has estimated that an average concentration of 10% LVM
is detected in cocaine samples (Buchanan et al., 2010). This suggests that combinations
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involving low ratios of LVM may be most relevant to the actual clinical situation. Future
work will use self-administration assays to assess how different doses of LVM influence the
reinforcing strength of cocaine during actual cocaine consumption and relapse to cocaine
seeking during cocaine abstinence.

It does warrant mention that isobolographic analysis was not used in the present study to
analyze the drug-drug interaction between LVM and cocaine (Tallarida, 2011, 2012). When
an ineffective dose of drug A is combined with drug B and significantly enhances the effect
of drug B, then we have the clearest example of synergism. It is not necessary to formally
show an isobologram in this case. If so, it would be a horizontal line rather than the familiar
double-intercept line (Tallarida, 2012). In that case the combination point is well below the
line because the enhanced response means that a lesser quantity of the active drug is needed
to get the specified effect. The isobole is done when both drugs exert an effect.

In conclusion, the identification of a drug-drug interaction between cocaine and LVM is an
important first step in exploring mechanism and impact. Understanding the pharmacology of
a prevalent, dangerous combination is important because poly-drug consumption (e.g.,
heroin + cocaine, cocaine + alcohol, etc.) often increases dangers posed by each individual
drug and makes it more challenging to identify efficacious medications to manage
dependence and relapse. An example of this challenge is the impact that alcohol dependence
has on the efficacy of modafinil in treating cocaine dependence (Anderson et al., 2009;
Vocci and Elkashef, 2005). The present study, by identifying an in vivo interaction between
cocaine and LVM, provides a foundation to examine mechanism of action and determine if
promising therapeutics for cocaine dependence and relapse maintain their efficacy against
combinations of cocaine and LVM.
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Fig. 1. LVM produces CPP
CPP was assessed in rats conditioned with saline or LVM (0.1, 1, 10 mg/kg). Data were

presented as mean preference score + S.E.M. (difference in time spent in drug-paired
environment between post-test and pre-test). N=7-8 rats per group. *p < 0.05 compared to
saline control group.
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Fig. 2. A combination of LVM and cocaine produces enhanced CPP
CPP was assessed in rats conditioned with saline, cocaine (COC) (2.5 mg/kg), LVM (0.1

mg/kg), or a combination of COC (2.5 mg/kg) and LVM (0.1 mg/kg). Data were presented
as mean preference score + S.E.M. (difference in time spent in drug-paired environment
between post-test and pre-test). N=7-8 rats per group. **p < 0.01 compared to LVM (0.1
mg/kg)/ COC (2.5 mg/kg). Inset) Effect of LVM (0.1 mg/kg) on CPP produced by a higher
dose of COC (5 mg/kg). N=7 rats per group.
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Fig. 3. LVM produces locomotor activation
Locomotor activity was assessed in rats injected with saline or LVM (1, 5, 10 mg/kg). Time-

course data were presented as mean activity counts + S.E.M. following LVM or saline
injection (arrow). N= 6 rats per group. *p < 0.05 compared to saline control group. Inset)
Cumulative data were presented as total activity counts + S.E.M. (0 to 60 min following
LVM or saline injection). *p < 0.05 compared to saline control group.
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Fig. 4. LVM enhances locomotor activation produced by cocaine (COC)
Locomotor activity was assessed in rats injected with COC by itself (10 mg/kg, 4A or 30

mg/kg, 4B) and in combination with low-dose LVM (0.1 mg/kg). Time-course data were
presented as mean activity counts + S.E.M. following drug injection (arrow). N= 8 rats per
group. *p < 0.05 or **p < 0.01 compared to COC alone group. Insets) Cumulative data were
presented as total activity counts + S.E.M. (0 to 60 min following drug injection). *p < 0.05
compared to COC group.
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