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Abstract

Background—The US Food and Drug Administration has not approved a treatment for cocaine
addiction, possibly due in part to the fact that repeated cocaine use results in dysregulation of
multiple neurotransmitter systems, including glutamate and dopamine, and an emergence of
increased negative affective states and heightening motivation to take cocaine despite negative
consequences. We used a combination therapy approach to assess whether modulation of both
glutamate and dopamine transmission would reduce the motivation to self-administer cocaine
compared to modulation of either system alone.

Methods—The metabotropic glutamate 2/3 receptor agonist, LY 379268, and the monoamine
releaser, phenmetrazine, were used to assess their individual and combined ability to decrease the
reinforcing efficacy of cocaine because they modulate glutamate and dopamine levels,
respectively. Cocaine breakpoints and cocaine intake was assessed, using a progressive ratio
schedule, at baseline in three groups based on dose of cocaine (0.19, 0.38, 0.75 mg/kg/infusion),
and following LY 379268 (0.03 or 0.30 mg/kg; i.p.), phenmetrazine (25 mg/kg/day; osmotic
minipump), and a combination of the two drugs.
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Results—LY379268 and phenmetrazine alone reduced breakpoints for all doses of cocaine. The
combination of the two drugs showed a concerted effect in reducing breakpoints for all doses of
cocaine, with the lowest dose of cocaine reduced by as much as 70%.

Conclusions—These data support combination therapy of dopamine and glutamate systems as
an effective means to reduce the motivation to take cocaine since a combination of drugs can
address neurobiological dysfunction in multiple neurotransmitter systems compared to therapies

using single drugs.
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1. INTRODUCTION

Drug addiction, including addiction to cocaine, is often defined as a chronically relapsing
disorder comprising of compulsive drug seeking and inability to control intake. These
features describe cocaine addiction because these are relatively consistent behavioral
characteristics in an otherwise complicated pathology. In fact, the complex nature of cocaine
addiction is perhaps a major reason why there is no effective therapy to combat cocaine
addiction to date. Specifically, the lack of effective treatment may be due in part to the fact
that there may be multiple predisposing factors which heighten the motivation to take
cocaine, any one of which may be sufficient to induce relapse. Indeed, repeated cocaine use
results in neuroadaptive changes to a number of overlapping and distinct brain circuits.

For example, extended and/or repeated exposure to cocaine results in long lasting
dysregulation of metabotropic glutamate receptor 2/3 (mGIluR2/3) function in the nucleus
accumbens (NAc) and prefrontal cortex (PFC; Xi et al., 2002; Beveridge et al., 2011), which
are located presynaptically and function as glutamate autoreceptors in the NAc. Therefore,
activation of mGIluR2/3 decreases presynaptic glutamate release (Conn and Pin, 1997;
Cartmell and Schoepp, 2000; Pinheiro and Mulle, 2008). However, in rats with a history of
cocaine exposure, mGIluR2/3 function is blunted in the NAc (Xi et al., 2002; Xie and
Steketee, 2009), suggesting reduced autoreceptor regulation and increased glutamate release.
This would result in increased excitability of the PFC glutamatergic projections to the NAc
and extend glutamatergic signaling, an effect which has been shown to enhance stress-
induced reinstatement of cocaine seeking (Caffino et al., 2015). Based on previous studies, it
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is possible that rectifying dysregulated glutamate transmission would lead to an overall
reduction in the motivation to seek cocaine (Baptista et al., 2004; Adewale et al., 2006; Hao
etal., 2010).

In addition to glutamate transmission, mesolimbic dopamine dysfunction has been
repeatedly observed in animals with a history of cocaine self-administration (Siciliano et al.,
2015; Wilhun et al., 2015; Ferris et al., 2011). A wealth of research shows that disruption of
the mesolimbic dopamine circuit plays a critical role in a phenotype expressing anhedonia
(Siciliano et al., 2015). Moreover, it is often suggested that animals escalate cocaine intake
in order to offset reductions in dopamine function that occur after repeated exposure
(Norman et al., 2011). Indeed, the biological basis for the efficacy of dopamine agonists for
the treatment of cocaine addiction is rooted in the drug’s ability to increase extracellular
dopamine tone and serve as replacement therapy for cocaine. For example, continuous
infusion of amphetamine via an osmotic mini-pump has been shown to reduce cocaine
intake on a fixed-ratio 1 (FR1) schedule of reinforcement and reduce the motivation to self-
administer cocaine as measured by a progressive-ratio (PR) schedule of reinforcement
(Chiodo et al., 2008; Chiodo and Roberts, 2009; Zimmer et al., 2014).

Both glutamate and dopamine transmission have been shown to play crucial roles in
regulating cocaine seeking in animals with a history of cocaine use. Therefore, the purpose
of this study was to examine two compounds that have been shown to modulate glutamate
and dopamine transmission for their individual and combined ability to reduce the
motivation to self-administer cocaine as measured by a PR schedule of reinforcement. We
chose to study the mGIuR2/3 agonist, LY 379268, given the fact that mGIuR2/3 receptors are
altered following cocaine self-administration. We also chose to study the monoamine
releaser, phenmetrazine, given its ability to increase dopamine tone in a manner similar to
amphetamine combined with the fact that in the clinic it can be administered orally via its
prodrug, phendimetrazine, which exhibits relatively low abuse potential compared to other
proposed agonist therapies like amphetamine (Bolin et al., 2016). Finally, we chose to
investigate the combined effects of these compounds given increasing interest in the ability
of combination therapy to reduce self-administration to a greater extent than monotherapy in
addition to the fact that these drugs have been proposed to reduce cocaine self-
administration, in part, through distinct mechanisms.

2. MATERIAL AND METHODS

2.1 Subjects

Male, Sprague-Dawley rats (325 — 350 g; Harlan Laboratories, Indianapolis, IN) were used
for cocaine self-administration (A=26) and locomotor (A=8) experiments. Animals were
maintained on a 12:12 light/dark cycle (0300 hours — lights off and 1500 hours — lights on)
and were given access to food and water ad /ibitum throughout the entire experiment and
during self-administration sessions. All rats were maintained according to the National
Institutes of Health guidelines in Association for Assessment and Accreditation of
Laboratory Animal Care accredited facilities. The experimental protocol was approved by
the Institutional Animal Care and Use Committee at Wake Forest School of Medicine.
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2.2 Cocaine self-administration

The detailed procedures for catheter implantation into the jugular vein have been described
previously (Richardson and Roberts, 1996). Following the surgery, rats were housed
individually in stainless steel custom-made experimental chambers (30x30x30 cm) 24 hours
per day/7 days per week. Animals were maintained on a 12:12 hour light/dark cycle and
self-administration occurred during the active/dark phase (between 0900 hours and 1500
hours).

All rats were trained to self-administer cocaine on an FR1 schedule of reinforcement prior to
switching to a PR reinforcement schedule. During training, each lever press resulted in the
intravenous delivery of 1.5 mg/kg/infusion cocaine (free base) over 4 seconds. Immediately
following each lever press, the lever retracted and a stimulus light above the lever was
activated for 20 s to signal a time-out period. The session ended after 40 cocaine injections
or at the end of six hours, whichever occurred first. Typically under these conditions, rats
acquired a stable pattern of cocaine self-administration and will take all 40 injections in a
session within one week. Once the animal reached the maximum number of injections
allowed during a single six hour session (40 injections), they were required to self-
administer 40 injections for five consecutive days.

Once five days of 40 injections were completed, rats were switched to a PR schedule of
reinforcement during which number of required lever presses per injection increased
progressively once the previous ratio was met. On this schedule, the response requirement
was increased for each consecutive infusion in the following sequence: 1, 2, 4, 6, 9, 12, 15,
20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 603, etc. The
breakpoint was defined as the number of infusions earned before a one hour period elapsed
without completion of the current ratio (Richardson and Roberts, 1996). Decades of previous
research and observation demonstrate that a one hour cut off is sufficient to determine
breakpoints since this provides enough time to reach very high rates of responding and
breakpoints did not differ when additional time was allowed (Richardson and Roberts,
1996). Separate groups of rats self-administered 0.75 mg/kg/infusion (n=6), 0.375 mg/kg/
infusion (n=8), or 0.1875 mg/kg/infusion (n=12) cocaine. Rats’ responding was maintained
on the PR schedule with their respective doses of cocaine until the end of the experiments.

2.3 Experimental paradigm

The general procedure for each experiment was the same for each dose of cocaine and the
experimental timeline is presented in Figure 1. This experiment had three phases: Phase one
with LY 379268 alone, Phase two with Phenmetrazine alone, and Phase three with a
combination of LY 379268 and Phenmetrazine. This study used a within subject
experimental design as all animals completed all three phases of the experiment. Details of
each phase are below:

2.3.1 Phase One (Fig. 1, blue shaded area)—Once baseline breakpoints were stable
(less than 10% variation across three consecutive days), rats were administered one of the

two doses of LY379268 (0.03 mg/kg or 0.3 mg/kg, i.p) and 30 mins later a PR cocaine self-
administration session was started. The doses used for LY 379268 in the current study were
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selected because these doses do not affect feeding behavior in our experimental environment
(Crawford et al., 2013), but show effects on other schedules of cocaine self-administration in
other laboratories (Peters and Kalivas, 2006; Justinova et al., 2015). On subsequent days,
breakpoints were recorded until they again reached a stable baseline with no treatment,
following which, rats were administered with the second dose of LY379268 that they had
not yet received (Phase One dose order counterbalanced).

2.3.2 Phase Two—Following Phase One, breakpoints were recorded daily until they were
stabilized (less than 10% variation across three consecutive days; Fig. 1, unshaded area).
Rats were then implanted with a subcutaneous osmotic minipump (Model 2001; Alzet;
Cupertino, CA) containing phenmetrazine (25 mg/kg/day) 18 hours prior to beginning the
self-administration session. This dose was selected based on the findings in a previous study
(Czoty et al., 2015) from our group showing similar effects across several doses of
phenmetrazine (25 and 50 mg/kg/day, respectively) on other schedules of cocaine self-
administration. Therefore we chose to use the lower dose (25 mg/kg/day) used in that study.
Breakpoints were then recorded daily until they were stabilized (Fig. 1, green and white
checkered area). Since minipumps provided stable drug infusion over seven days, these
minipumps were replaced at the end of day seven with no break in daily self-administration
session for animals that required more than seven days to reach stable breakpoint.

2.3.3 Phase Three—After completion of Phase Two, the Phase One procedures using
LY 379268 were repeated but this time in the presence of phenmetrazine minipumps (Fig. 1,
green shaded area).

2.4 Locomotor behavior

2.5 Drugs

In order to test for nonspecific locomotor effects of these drugs that could influence self-
administration behavior, the individual and combined effects of LY379268 and
phenmetrazine on locomotor activity were assessed in an open field activity assay and total
distance traveled was recorded. Rats were habituated to the room containing locomotor
assessment chambers for 30 mins prior to being placed in the open field box. Baseline
locomotor behavior was recorded for 90 mins, followed by a challenge injection (saline or
LY379268: 0.03 or 0.30 mg/kg; i.p.) and an additional 90 mins recording. All rats received
saline and the two doses of LY 379268 in a counterbalanced order. In order to test the impact
of phenmetrazine plus LY 379268 on locomotor behavior, the same open field assay was
used with identical parameters however, this was conducted in presence of an osmotic
minipumps containing phenmetrazine (25 mg/kg/day) implanted subcutaneously the day
prior to locomotor assessment.

Cocaine HCI (National Institute on Drug Abuse Drug Supply Program), LY379268 (RTI
International, Raleigh, NC), (+)-phenmetrazine hemifumarate (RTI International, Raleigh,
NC) were dissolved in sterile saline. Cocaine solutions that were delivered intravenously
were passed through a 22 pm microfilter.
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2.6 Statistical analysis

All statistical analyses were conducted and graphs were created using GraphPad Prism 5
(GraphPad Software, La Jolla, CA). Two-way analysis of variance (ANOVA) was conducted
to compare drug effects on cocaine self-administration across the three doses of cocaine and
locomotor activity to test non-specific effects of LY379268 and phenmetrazine. Two-way
ANOVAs were followed by planned comparisons to compare dose effects of LY379268 in
the presence and absence of phenmetrazine and the effects of phenmetrazine alone. One-way
ANOVAs followed by planned comparisons were used to analyze individual and combined
effects of LY379268 and phenmetrazine separately in the three different doses of cocaine
used in this study. All data are reported as mean + standard error of the mean. The
significance level (alpha) for all statistical measures was set at p < 0.05.

3. RESULTS

3.1 LY379268 decreases cocaine breakpoints

A single injection of LY379268 (0.03 mg/kg and 0.3 mg/kg) significantly and dose-
dependently decreased breakpoints on a PR schedule of self-administration (Fig. 2A and B;
Table 1). A two-way mixed ANOVA comparing the LY 379268 doses across the three
cocaine doses revealed an overall main effect of LY 379268 on breakpoints (Fig. 2A; A7 16)
=10.77; p< 0.001). Bonferoni comparisons revealed a significant decrease in breakpoints
when LY 379268 (0.30 mg/kg) was administered to rats self-administering cocaine at the
0.1875 mg/kg/infusion dose (p < 0.01). As shown in Table 1, when data are expressed as a
percent of baseline, a two-way mixed ANOVA revealed a significant overall effect of
LY379268 over the three doses of cocaine (Fig. 2B; percent change in breakpoints; £ 25) =
6.18; 0 < 0.05). Planned comparisons revealed that the lower dose of LY379268 (0.03
mg/kg) significantly decreased cocaine breakpoints at 0.1875 mg/kg/infusion (Fig. 2B;
circle; p<0.01), 0.375 mg/kg/infusion (Fig. 2B; triangle; p < 0.01), and 0.75 mg/kg/infusion
(Fig. 2B; square; p < 0.01). Similarly, the higher dose of LY379268 (0.30 mg/kg)
significantly attenuated cocaine self-administration at the 0.1875 mg/kg/infusion (Fig. 2B;
circle; p<0.001), 0.375 mg/kg/infusion (Fig. 2B; triangle; p < 0.01), and 0.75 mg/kg/
infusion (Fig. 2B; square; p< 0.001) doses.

3.2 Phenmetrazine reduces cocaine breakpoints

Following administration of the second dose of LY 379268, stable baseline self-
administration was reestablished for each rat. Osmotic minipumps were then implanted and
rats were allowed to self-administer again to investigate the effects of phenmetrazine (25
mg/kg/day) delivered via osmotic mini-pump on breakpoints. Phenmetrazine significantly
attenuated cocaine breakpoints (Fig. 2C; A1 16) = 107.6; p < 0.001). Bonferonni
comparisons showed that phenmetrazine significantly attenuated breakpoints for each all
three cocaine doses (p < 0.001). For data expressed as a percent of baseline, a two-way
mixed ANOVA revealed an overall effect of phenmetrazine on breakpoints (Fig. 2D; Table
1; percent change in breakpoints; £ 19y = 29.56; p < 0.001). Continuous administration of
phenmetrazine (25 mg/kg/day) significantly reduced cocaine self-administration at 0.1875
mg/kg/infusion (Fig. 2D, circle; p< 0.05), 0.375 mg/kg/infusion (Fig. 2D, triangle; p<
0.01), and 0.75 mg/kg/infusion (Fig. 2D, square; p < 0.05).
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3.3 The combined effects of LY379268 and Phenmetrazine

After baseline breakpoints were established with the phenmetrazine minipump, the

LY 379268 injection protocol was repeated in order to examine the combined effect of

LY 379268 and phenmetrazine on breakpoints. To be as conservative as possible for these
analyses, the individual effects of each treatment were included in the ANOVA despite
having been analyzed in the previous sections. For the group self-administering 0.1875
mg/kg/infusion dose of cocaine, a one-way repeated measures ANOVA revealed a
significant effect of treatment (Fig. 3A; A5,30) = 11.52; p< 0.001). Tukey’s comparison
showed that breakpoints decreased significantly following the LY 379268 (0.30 mg/kg; p<
0.01), phenmetrazine + LY 379268 (0.03 mg/kg; p < 0.001) and phenmetrazine + LY 379268
(0.30 mg/kg; p < 0.001) treatments. Similarly, when these data were expressed as percent of
baseline (Table 1), a repeated measures one-way ANOVA revealed a significant effect of
treatment (Fig. 3B; Fg 45= 13.82; p< 0.0001). Tukey’s comparison showed that breakpoints
decreased significantly following the LY 379268 (0.30 mg/kg; p < 0.001), phenmetrazine +
LY379268 (0.03 mg/kg; p < 0.001) and phenmetrazine + LY 379268 (0.30 mg/kg; p < 0.001)
treatments when compared to the baseline breakpoints during phenmetrazine alone.
Additionally, Tukey’s comparison revealed that phenmetrazine administration alone and
phenmetrazine + LY 379268 administration decreased cocaine self-administration for both
doses when compared with the pre-minipump baseline (Fig. 3B; p < 0.001) and
phenmetrazine + either dose of LY379268 showed an augmented decrease in breakpoints
compared to the effect of LY379268 alone (Fig. 3B; 0.03 mg/kg, p< 0.01; 0.30 mg/kg, p <
0.05). The effect of the two drugs was a 65% decrease in breakpoints for the lower dose
(0.03 mg/kg) of LY379268 and a 70% decrease in breakpoints at the higher dose (0.30
mg/kg) compared to a 20% — 35% decrease with 0.03 mg/kg and 0.30 mg/kg LY 379268,
respectively, and a 25% decrease with phenmetrazine (25 mg/kg/day) alone. This reduction
in breakpoints observed following the drug combinations exceeded the summation of the
effects of either drug alone. These effects are summarized in Table 1.

For animals in the 0.375 mg/kg/infusion cocaine group, a one-way ANOVA revealed a
significant effect of treatment (Fig. 3C; A 36) = 4.21; p < 0.001). Tukey’s comparison
showed that breakpoints decreased significantly following the phenmetrazine + LY 379268
(0.03 mg/kg; p<0.001) and phenmetrazine + LY 379268 (0.30 mg/kg; p < 0.001) treatments.
Similarly, when these data were expressed as percent of baseline, a one-way ANOVA
revealed a significant effect of treatment (Fig. 3D; Fgg3) = 12.24; p< 0.001). Tukey’s
comparison showed that breakpoints decreased significantly following the LY 379268 (0.3
mg/kg; p < 0.05), phenmetrazine + LY379268 (0.03 mg/kg; p < 0.001) and phenmetrazine +
LY 379268 (0.30 mg/kg; p < 0.001) treatments when compared to the phenmetrazine
treatment baseline. Additionally, Tukey’s comparison revealed that phenmetrazine +

LY 379268 administration decreased cocaine self-administration for both doses when
compared with the pre-minipump baseline (points above red line in Fig. 3D; p < 0.0001) and
phenmetrazine + either dose of LY 379268 showed an augmented decrease in breakpoints
compared to the effect of LY 379268 alone (Fig. 3D; 0.03 mg/kg, p< 0.01; 0.30 mg/kg, p<
0.05). These effects are summarized in Table 1.
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For the group administering the 0.75 mg/kg/infusion dose of cocaine, a one-way ANOVA
revealed a significant effect of treatment (Fig 3E; A5 30) = 2.98; p < 0.05). Tukey’s
comparison showed that breakpoints decreased significantly following the phenmetrazine +
LY379268 (0.03mg/kg; p < 0.01) and phenmetrazine + LY379268 (0.30 mg/kg; p < 0.001)
treatments. Similarly, when these data were expressed as percent of baseline, a one-way
ANOVA revealed a significant effect of treatment (Fig. 3F; Fgg3) = 10.82; p< 0.0001).
Tukey’s comparison showed that breakpoints decreased significantly following the
LY379268 (0.30 mg/kg; p < 0.01), phenmetrazine + LY 379268 (0.03 mg/kg; p < 0.001) and
phenmetrazine + LY 379268 (0.30 mg/kg; p < 0.001) treatments when compared to the
phenmetrazine baseline. Additionally, Tukey’s comparison revealed that phenmetrazine +
LY379268 administration decreased cocaine self-administration for both doses when
compared with the pre-minipump baseline (points above red line in Fig. 3F; p < 0.0001) and
phenmetrazine + either dose of LY379268 showed an augmented decrease in breakpoints
compared to the effect of LY379268 alone (Fig. 3F; 0.03 mg/kg, p < 0.05; 0.30 mg/kg, p<
0.05). These effects are summarized in Table 1.

3.4 LY379268 and phenmetrazine combinations significantly reduced cocaine intake

The average total cocaine intake (£ SEM) during self-administration for each of the three
doses of cocaine were as follows: 0.86 + 0.02 mg (0.1875mg/kg/infusion); 1.80 £ 0.12 mg
(0.375mg/kg/infusion); 3.54 + 0.34 mg (0.75mg/kg/infusion). A two-way mixed ANOVA
revealed an interaction between treatment and cocaine dose (Fig. 4; F10,80) = 2.29; p<
0.05), a main effect of cocaine dose (A2 16) = 28.8; p < 0.001), and a main effect of
treatment (A5 16) = 26.32; p < 0.001). Bonferroni’s analyses revealed that phenmetrazine +
LY379268 (0.03 and 0.30 mg/kg) significantly decreased cocaine intake at all three doses of
cocaine by nearly 50% (p < 0.05), but the effects of LY379268 (0.30 mg/kg) and
phenmetrazine when administered alone significantly decreased cocaine intake only at the
highest dose of cocaine (0.75 mg/kg/infusion; p < 0.05).

3.5 Effects of LY379268 and phenmetrazine on locomotor activity

In order to verify that changes in breakpoints were not due to generalized decreases in
locomotor activity, an open field locomotor activity assay was used to test the combined
effects of these drugs on locomotion (n=8). Neither dose of LY 379268 (0.03 and 0.30 mg/
kg), both alone (Fig. 5A) and in the presence (Fig. 5B) of phenmetrazine minipumps, altered
locomotor activity as compared with saline in the absence (Fig. 5A) and presence (Fig. 5B)
of phenmetrazine. Additionally, phenmetrazine alone did not significantly affect locomotor
behavior.

4. DISCUSSION

The goal of the current study was to examine both the individual and combined effects of
LY 379268 and phenmetrazine treatment on breakpoints and intake in rats responding under
a PR schedule of cocaine self-administration. Administration of LY 379268 (0.03 mg/kg and
0.30 mg/kg) prior to cocaine self-administration sessions decreased cocaine breakpoints at
all three cocaine doses studied in a dose-related manner when data are normalized to their
respective baselines or analyzed individually. Similarly, continuous treatment of
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phenmetrazine alone via an osmotic minipump significantly reduced cocaine self-
administration for all three doses of cocaine under these same conditions, confirming
previous observations by this group (Czoty et al., 2015). However, the reduction of
breakpoints for all three doses of cocaine by combination of phenmetrazine and LY 379268
was significantly more pronounced than that produced by the individual treatments. The
doses of LY379268, phenmetrazine, and their combination that reduced cocaine self-
administration had no effect on locomotor activity. Therefore, the reduction in breakpoints
observed cannot be explained by putative decreases in general motoric disturbances or
activity.

4.1 mGIluR2/3 receptor activation attenuates cocaine breakpoints

LY 379268 decreased breakpoints for cocaine in a manner that was sensitive to both the dose
of LY379268 and the dose of cocaine administered by the animal. Despite the dose of
cocaine influencing treatment effects, we failed to observe a dose-responsiveness of cocaine
dose at baseline. This lack of dose-response is consistent with previous published reports
using the exact training protocol and equipment (Morgan et al., 2006). Notably, in
experiments that were designed specifically to address the effect of training protocol on
breakpoints for cocaine, Morgan et al (2006) showed that the training protocol used in our
current manuscript (their “Group D”) led to identical final ratios to ours with little to no
dose-responsiveness between 0.19 and 0.75 mg/kg/infusion; the same doses used in the
current manuscript (c.f., their Figure 4). Outlining the mechanism for the effects of training
protocol on breakpoints exceed the purpose of this study and is an area of active research,
but it is interesting to note that cocaine dose still influences the efficacy of pharmacological
interventions despite our training protocol blunting the dose-responsiveness of cocaine at
baseline. We conclude from this finding that the efficacy of pharmacological interventions
can be assessed despite a lack of cocaine dose-response under baseline conditions.

Evidence suggests that mGIuR2/3 receptors are heavily implicated in both anxiety-like
behavior (Grillon et. al., 2003; Muly et al., 2007) and drug addiction (Peters and Kalivas,
2006; Hao et al., 2010), and are altered as a function of cocaine intake (Beveridge et al.,
2011). For example, activation of mGIluR2/3 results in anxiolytic effects in both fear
potentiated startle (FPS) and elevated plus maze (EPM) in rodents as well as attenuated
panic symptoms induced by CO, challenge in humans (Grillon et al., 2003; Schoepp et al.,
2003; Helton et al., 1998). The anxiolytic effects of mGIluR2/3 agonists are exacerbated in
animals with cocaine experience, and these effects have been linked to the repeated cocaine-
induced alterations in mGIuR2/3 expression and function in the prefrontal cortex and
nucleus accumbens (Hao et al., 2010; Xi et al., 2002). For example, LY 379268 reduces
anxiety-like behavior only in animals with a history of extended access cocaine self-
administration (Aujla et al., 2008). Additionally, studies have shown that mGluR2/3
activation attenuates cue-induced reinstatement of cocaine seeking (Baptista et al., 2004;
Adewale et al., 2006) and decreases breakpoints on PR reinforcement schedules in animals
with escalated cocaine (Hao et al. 2010) and methamphetamine intake (Crawford et al.,
2013). The current findings are consistent with these previous studies given our observation
of reduced breakpoints at both the lower (0.03 mg/kg) and higher (0.30 mg/kg) doses of
LY379268 used in the current study. Interestingly, LY 379268 failed to affect responding for
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food on a PR, suggesting the possibility of a specific effect on cocaine-maintained
responding (Crawford et al., 2013).

4.2 Phenmetrazine alone is sufficient to reduce cocaine breakpoints

Previous studies have shown that continuous treatment with amphetamine via an osmotic
mini-pump result in decreased cocaine intake in rodents and monkeys (Negus and Mello,
2003; Chiodo et al., 2008; Chiodo and Roberts, 2009; Czoty et al., 2010; 2011; 2015). Like
cocaine, amphetamine increases monoamine levels in the NAc albeit via a distinct
mechanism; cocaine blocks the reuptake of monoamines while amphetamine releases
monoamines via reverse transport. Human self-administration studies (Greenwald et al.,
2010; Rush et al., 2010) and clinical trials (Mooney et al., 2009) show that amphetamine
treatment decreases cocaine intake. Similar to amphetamine, phenmetrazine acts as a
monoamine reverse transport releaser, however in contrast to amphetamine, phenmetrazine
when given orally in the form of its prodrug phendimetrazine has relatively low abuse
liability (Bolin et al., 2016). Moreover, heart rate measures in human cocaine users have
shown that phendimetrazine is safe and tolerable across a threefold span of doses alone and
when combined with cocaine (Bolin et al., 2016; Stoops et al., 2016).

Congruent with reduced breakpoints and cocaine intake following continuous administration
of phenmetrazine observed in the currents study, previous studies have shown that
continuous administration of phenmetrazine resulted in reduced cocaine self-administration
on a FR schedule in rodents and monkeys with no change in food self-administration (Negus
et al., 2009; Banks et al., 2013c). Phenmetrazine has also been shown to decrease choice for
cocaine in the context of an alternative food reinforcer (Negus et al., 2009; Banks et al.,
2013a). Most pertinently, we report similar results to a recent study which examined the
individual effects of phenmetrazine on cocaine self-administration under a PR schedule
(Czoty et al., 2015). These studies are consistent with the present study and show that
phenmetrazine alone is sufficient to reduce motivation to self-administer cocaine.
Interestingly, similar to LY379268, phenmetrazine administration does not reduce food
maintained responding in animals (Czoty et al., 2015). It should be noted that a recent study
in human cocaine abusers showed that phendimetrazine did not reduce hypothetical demand
for cocaine or the subject-rated effects of sampled cocaine (Stoops et al., 2016) in an
experimental setting. Comparing the effects of phenmetrazine in rodents under a PR
schedule of reinforcement in the current study with lack of effects of phendimetrazine on
hypothetical demand for cocaine in human cocaine users is difficult. However, Stoops et al.
(2016) noted that differences in phendimetrazine efficacy between animal models and their
study in humans could be attributed to reductions that are specific to the reinforcing effects
of cocaine among other factors.

4.3 LY379268 and phenmetrazine combinations decrease reinforcing efficacy of cocaine

There is increased interest in using combination pharmacotherapy to treat substance use
disorders. Clinical studies have shown attenuation of cocaine seeking following combination
treatments (see Stoops and Rush, 2014 for review). A combination therapy approach in
which two medications are combined has many advantages over monotherapies. First,
combining medications can reduce the side effects of either medication alone because some
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combinations may allow for lower doses to be used. For example, one preclinical study
showed that the combination of low doses of metyrapone (corticosterone synthesis inhibitor)
and oxazepam (benzodiazepine) reduced cocaine responding and prevented problematic side
effects of the constituent compounds (Goeders et al., 2008). Second, combining two
medications may result in additive and potentially synergistic effect of the two drugs; i.e.,
the drugs in combination will have a greater reduction in stimulant use than the each drug
alone. For example, a recent study showed that a dual stimulant-opioid pharmacotherapy
was more effective in attenuating cocaine self-administration than each drug alone (Smith et
al., 2014). Moreover, a clinical study showed that bromocriptine and desipramine in
combination decreased cocaine withdrawal symptoms greater than bromocriptine alone
(Giannini and Billett, 1987). More extensive experimentation, perhaps using isobolograms,
would need to be performed on the drug combination used in the current study in order to
fully establish the additive or synergistic effect of their combination. This is particularly
apparent since the combination at the lowest dose of cocaine resulted in an effect size that
was greater than the sum of the effect sizes of the individual drugs, whereas the combination
effect size at the two higher doses of cocaine appeared to equal the sum of the two individual
effect sizes. Third, clinical work seems to be progressing more towards symptom treatment
to combat substance use disorders, rather than monotherapy designed to “cure” substance
use disorders (Stoops and Rush, 2014). Cocaine addicts exhibit psychiatric comorbidities
that include anxiety and anhedonia. Specifically, cocaine addiction is associated with an
inability (or decreased ability) to experience pleasure from natural rewards (i.e., anhedonia)
during periods of withdrawal and abstinence (Koob, 2013). For example, animals withdrawn
from cocaine exhibit less seeking of natural rewards such as sucrose (Barnea-Ygael et al.,
2014). Much of the work on cocaine induced anhedonia, however, stems from studies
measuring brain stimulation reward (BSR) using intracranial self-stimulation (ICSS) of
ascending mesolimbic dopamine circuits in rodents. Repeated exposure to, and withdrawal
from, chronic cocaine increases BSR thresholds in rats and mice (Kenny et al., 2003; Stoker
and Markou, 2011) indicating reduced brain reward function during cocaine abstinence.
Shifts in BSR thresholds are sensitive to drugs that modulate dopamine function. For
example, acute exposure to indirect dopamine agonists like cocaine reduces BSR thresholds
indicating of an augmented brain reward activity and catecholamine releasers are known to
decrease BSR thresholds in rats that express anhedonic-like behavior (Prins et al., 2012).

We used a combined therapy approach using drugs that have previously been shown in
rodents not only to reduce anxiety-like and anhedonic-like behavior, but acutely reverse
long-term deficits circuits known to be altered by cocaine use. The current results show that
a LY379268 and phenmetrazine combination reduced cocaine intake to levels ranging from
what would be expected for additive effects at a minimum (for 0.375 and 0.75 mg/kg/
infusion cocaine) to levels that exceed addition of the two drugs alone (for 0.1875 mg/kg/
infusion cocaine). Again, more extensive investigation would need to be performed to
outline the nature of the relationship between the two treatments when used in combination.

Notably, phenmetrazine appears to be more effective when combined with LY 379268 in
reducing cocaine breakpoints compared to an alternative approach of simply increasing the
dose of phenmetrazine alone. Indeed, Czoty et al. (2015) showed that the ability of
phenmetrazine to reduce cocaine breakpoints are near maximal at the dose used in the
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current study (25 mg/kg/day), such that combining phenmetrazine with LY 379268 is far
more effective than reducing breakpoints with increasing doses of phenmetrazine. This
observation also underscores the premise that we are likely manipulating two systems that
are relatively distinct sources of variance that contribute to the motivation to self-administer
cocaine (either brain systems or comorbidities). In other words, the concerted effects of

LY 379268 and phenmetrazine combinations suggests that this drug combination works
through two distinct mechanisms to reduce the reinforcing efficacy of cocaine and that
modulating both mechanisms in concert may be more effective than an attempt to modulate
a single system with higher doses of drug.

In light of the possibility that we are modulating two systems, we would also predict that
other drugs which alter glutamate transmission might work in combination with
phenmetrazine to reduce cocaine breakpoints. Recent studies have shown that mGIuR2/3
positive allosteric positive modulators, which have enhanced receptor subtype selectivity,
decrease cocaine intake in dependent animals (Dhanya et al., 2014). Using compounds with
mGIuR subtype selectivity is potentially useful as mGIuR 2 and 3 show differential function
and location. For example, mGIuR2 are predominantly located on presynaptic terminals of
glutamatergic neurons (Schoepp, 2001) and activation of these receptors results in
neurodegeneration (Corti et al., 2007). On the other hand, mGIuR3 are mainly located
postsynaptically and on glial cells (Riedel et al., 2003; Schoepp, 2001). Activation of
mGIuR3 results in neuroprotection (Corti et al., 2007; Durand et al., 2013). Additionally,
previous studies have also shown that mGIuR5 inhibition reduces reinstatement of cocaine
seeking (Kumaresan et al., 2009; Wang et al., 2013), likely through direct inhibition of these
excitatory receptors on medium spiny neurons as opposed to inhibition of glutamate release
via presynaptic mGIluR2/3 activation with LY 379268. Additionally, long-lasting dysfunction
of accumbal astrocytes, which maintain glutamate homeostasis via glutamate transporters, is
linked to reinstatement of drug seeking (Scofield and Kalivas, 2014). Therefore it is possible
that any medication that aids in regulating glutamate homeostasis and therefore maintains
normal glutamate neurotransmission may be used in combination with phenmetrazine as a
pharmacotherapy to treat addiction.

4.4 Conclusions

The current study is part of a growing literature that suggests combination pharmacotherapy
allows the use of low doses of two drugs to potentially yield increased efficacy in reducing
the motivation to administer cocaine. This is the first study to utilize an mGIluR2/3 agonist
and a monoamine releaser in combination to test their combined ability to reduce cocaine
self-administration. Future studies are required to examine the extent to which the combined
effects can be generalized to other drugs that affect the same circuits or neurotransmitters.
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HIGHLIGHTS
L] LY379268, an mGluR2/3 agonist, reduced breakpoints for cocaine by 40%.
L] Phenmetrazine, a dopamine releaser, reduced breakpoints for cocaine by
about 25% maximum.
L] The combination of the two drugs showed a supra-additive effect in

reducing breakpoints for cocaine by as much as 70%.

L] Neither LY 379268 nor phenmetrazine, showed any nonspecific locomotor
effects.
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Phenmetrazine (25 mg/kg/day)
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Figure 1.

r.~.» 1 ¢ 1 1 1 T T© ‘1 ‘¥ <+t ‘v T T 1 T T T T T 1

19 20 21 22 23 24

Schematic of the experimental paradigm. Each session following training assessed
breakpoints on a progressive-ratio schedule of reinforcement using cocaine (0.1875, 0.375,
0.75 mg/kg/infusion) across three phases based on treatment. Phase 1 (blue shaded) tested
the effects of LY 379268 (0.03 or 0.30 mg/kg, counterbalanced) alone, Phase 2 (non-shaded/
white) allowed time for breakpoints to stabilize after the last LY 379268 dose, Phase 2 (green
and white checker shaded) tested the effects of phenmetrazine alone, and Phase 3 (green
shaded) tested the combined effects of LY 379268 and phenmetrazine on cocaine
breakpoints. Osmotic mini-pump delivered phenmetrazine (25 mg/kg/day). FR1, fixed ratio

1; PR, progressive ratio.
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Figure 2.

Effects of LY379268 and phenmetrazine alone on cocaine self-administration. (A) Effects of
the lower (0.03 mg/kg; green) and higher (0.30 mg/kg; blue) doses of LY 379268 relative to
saline injection on increasing doses of cocaine. (B) LY379268-induced decrease in
breakpoints shown in Panel A expressed as a percent of baseline. (C) Phenmetrazine
minipumps (25 mg/kg/day; gray bars) significantly reduced breakpoints at each dose of
cocaine during self-administration compared to saline minipumps. (D) Phenmetrazine-
induced (shaded area) reduction in breakpoint across three cocaine doses in Panel C
expressed as a percent of baseline. Number of animals: A, B (0.1875 mg/kg/infusion, n=12;
0.375 mg/kg/infusion, n=8; 0.75 mg/kg/infusion, n=6); C, D (0.1875 mg/kg/infusion, n=6;
0.375 mg/kg/infusion, n=8; 0.75 mg/kg/infusion, n=6). Main effect of treatment on cocaine
self-administration: 8p<0.05, 8%p<0.001. Post-hoc comparison of LY 379268 or
phenmetrazine: *p< 0.05, **p<0.01, ***p<0.001 at 0.1875 mg/

kg; #p<0.05, #p<0.01, ##p<0.001 at 0.375 mg/kg cocaine; 2p<0.05, A3p<0.01, 228p<0.001
at 0.75 mg/kg cocaine. All doses of cocaine are mg/kg/infusion. Data points are expressed as
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mean+SEM. Note: In panels A and C, bars are plotted for linear breakpoints on left y-axis
and corresponding final response ratios on log scale are plotted on right y-axis for
comparison.
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The individual and combined effects of phenmetrazine (shaded/gray area) and LY 379268
(0.03 mg/kg, green; 0.30 mg/kg, blue) on breakpoints during progressive-ratio responding
for cocaine expressed as raw breakpoints (left column; A, C, E) and as a percent of baseline
(right column; B, D, F). In panels A, C, and E, bars are plotted for linear breakpoints on left
y-axis and corresponding final response ratios on log scale are plotted on right y-axis for
comparison. Number of animals: A, B (n=6); C, D (n=8); E, F (n=6). Red line signifies
baseline for phenmetrazine alone and combined treatment. *p<0.05, **p<0.01, ***p<0.001,
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comparison to respective baseline breakpoints. 20<0.05, 28p<0.01, combined treatment
compared to the respective LY 379268 dose. Data points are expressed as mean+SEM.
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Figure 4.
Effect of LY379268 and phenmetrazine alone and in combination on cocaine intake (mg).

The highest dose of LY379268 (0.30 mg/kg; blue) alone and phenmetrazine (25 mg/kg/day;
gray) alone decreased total cocaine intake significantly at the highest dose of cocaine (0.75
mg/kg). Combining the two drugs (checkered bars) significantly decreased total cocaine
intake at all three doses of cocaine *p<0.05; ***p<0.001 relative to saline/vehicle. N=20.
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During phenmetrazine treatment
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Figure 5.
The individual and combined effects of LY379268 and phenmetrazine on locomotor

behavior. (A) Administration of LY379268 (0.03 mg/kg, blue; 0.30 mg/kg, green) did not
affect locomotor behavior relative to saline (black) injection prior to phenmetrazine mini-
pump implantation. (B) Administration of phenmetrazine via subcutaneous osmotic mini-
pump in combination with LY 379268 did not alter locomotor behavior relative to saline.
N=8.
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