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(£)Modafinil ((x)MOD) and its R-enantiomer (R-modafinil;, R-MOD) have been investigated for their potential as treatments for
psychostimulant addiction. We recently reported a series of (+)MOD analogs, of which JJC8-016 (N-(2-((bis(4-fluorophenyl)methyl)thio)
ethyl)-3-phenylpropan-|-amine) was selected for further development. JJC8-016 and R-MOD were evaluated for binding across ~70
receptors, transporters, and enzymes. Although at a concentration of 10 UM, there were many hits for JJC8-016, binding affinities in the
range of its DAT affinity were only observed at the serotonin transporter (SERT), dopamine D,-like, and sigma, receptors. R-MOD was
more selective, but had much lower affinity at the DAT (Ki=3 pM) than JJC8-016 (Ki=116nM). In rats, systemic administration of
R-MOD alone (10-30 mg/kg i.p.) dose-dependently increased locomotor activity and electrical brain-stimulation reward, whereas JJC8-016
(10-30 mg/kg i.p.) did not produce these effects. Strikingly, pretreatment with JJC8-016 dose-dependently inhibited cocaine-enhanced
locomotion, cocaine self-administration, and cocaine-induced reinstatement of drug-seeking behavior, whereas R-MOD inhibited cocaine-
induced reinstatement only at the high dose of 100 mg/kg. Notably, JJC8-016 alone neither altered extracellular dopamine in the nucleus
accumbens nor maintained self-administration. It also failed to induce reinstatement of drug-seeking behavior. These findings suggest that
JJC8-016 is a unique DAT inhibitor that has no cocaine-like abuse potential by itself. Moreover, pretreatment with JJC8-016 significantly
inhibits cocaine-taking and cocaine-seeking behavior likely by interfering with cocaine binding to DAT. In addition, off-target actions may

INTRODUCTION

Cocaine addiction continues to be a serious public health
problem and, so far, no effective pharmacotherapies are
available for treatment. The mesolimbic dopamine (DA)
pathway, which originates in the midbrain ventral tegmental
area (VTA) and projects to the nucleus accumbens (NAc)
and prefrontal cortex (PFC), is believed to be essential for
both drug reward and relapse to drug-seeking behavior
(Luscher and Malenka, 2011; Swanson, 1982; Wise et al,
1996). As cocaine significantly enhances extracellular DA by
inhibiting the reuptake of DA via the DA transporter (DAT),
pharmacological blockade of DAT has been proposed as a
mechanism to treat cocaine addiction (Di Chiara and
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also contribute to its potential therapeutic utility in the treatment of cocaine abuse.
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Imperato, 1988; Hiranita et al, 2009; Tanda et al, 2009;
Torregrossa and Kalivas, 2008; Xi et al, 2016). Accordingly,
many DAT inhibitors have been developed and several of
them such as GBR 12909 and methylphenidate have been
examined for treatment of cocaine use disorders (Howell and
Wilcox, 2001; Newman and Kulkarni, 2002; Platt et al, 2002;
Rothman et al, 2008; Rothman and Glowa, 1995; Runyon
and Carroll, 2006). However, none have proven successful
because of their potential side effects, for example, abuse
liability and/or significant cardiovascular actions (Howell
and Wilcox, 2001; Rothman et al, 2008). Therefore,
development of DAT inhibitors for human use has been
stymied (Czoty et al, 2016). One approach toward a
medication strategy has been to develop novel atypical
DAT inhibitors that bind to the DAT, thus not only
preventing cocaine from binding and rapidly inhibiting DA
uptake, but also demonstrating less cocaine-like abuse
potential (Reith et al, 2015).

(£)Modafinil ((+)MOD) is an FDA-approved treatment
for narcolepsy and other sleep disorders (Ballon and Feifel,
2006; Garnock-Jones et al, 2009). (+)MOD has been
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Table | Binding Data for R-Modafinil and JJC8-016 for Which Kis Have Been Determined®

Compounds Structure Binding affinity K; + SEM (nM)
DAT SERT DR D;R D4R Sigma,

S]

Q o}

s N
R-Modafinil ® NH, 3050 £258 NA > 100 000 39000+ 1050 > 100 000 > 100 000

F
O S\/\N

JJ)C8-016 HW [16+163 360+483 228+276 659 + 121 28.1 £5.22 159 +227

F

*Data from Cao et al (2016).

described as a mild psychostimulant without abuse liability
and is also used off label for the treatment of cognitive
disorders (Minzenberg and Carter, 2008; Schmaal et al,
2013). (+)MOD has been promoted as a potential treatment
for psychostimulant dependence because of its different
binding property to the DAT from cocaine (Cao et al, 2010;
Madras et al, 2006; Mereu et al, 2013, 2017; Mignot et al,
1994; Zolkowska et al, 2009). (+)MOD was first found to be
an effective treatment for amphetamine dependence in
patients with comorbid social phobia (Camacho and Stein,
2002). This finding was later supported by a number of
studies demonstrating that (£)MOD was effective in
reducing cocaine and methamphetamine use, subjective
euphoric effects, craving, and withdrawal symptoms
(Dackis et al, 2003, 2005; De La Garza et al, 2010;
Goudriaan et al, 2013; Hart et al, 2008; Kampman et al,
2015; Malcolm et al, 2006; McGregor et al, 2008; Shearer
et al, 2009; Verrico et al, 2014), although several others failed
to confirm the therapeutic efficacy of (+)MOD in treatment
of cocaine (Dackis et al, 2012) or methamphetamine
dependence in larger cohorts (Anderson et al, 2012;
Heinzerling et al, 2010). In experimental animals, (+)MOD
has been reported to block reinstatement of drug seeking
caused by cocaine, heroin, methamphetamine, or drug-
associated environmental cues (Mahler et al, 2014; Reichel
and See, 2010,2012; Tahsili-Fahadan et al, 2010).

(+)MOD, by definition, comprises the R-(—)- and S-(+)-
enantiomers. R-MOD is approximately threefold more
potent than its S-enantiomer at blocking DA uptake at the
DAT (Loland et al, 2012). R-MOD is also metabolically more
stable than S-MOD, and therefore has a longer half-life and
improved pharmacokinetic profile (Robertson and
Hellriegel, 2003; Wong et al, 1999). We have reported that
R-MOD is more potent and effective than its S-enantiomer
in attenuating nicotine self-administration, and nicotine- or
cue-induced reinstatement of drug-seeking behavior in
Long-Evans rats and in alcohol-preferring rats (Wang
et al, 2015).

We recently developed a series of novel MOD analogs
with higher affinity for the DAT than the parent compound
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(Okunola-Bakare et al, 2014). JJC8-016 (N-(2-((bis(4-fluoro-
phenyl)methyl)thio)ethyl)-3-phenylpropan-1-amine) was
selected as a lead compound as its affinity for the DAT
(Ki=116nM) and the serotonin transporter (SERT;
K;=360nM) were higher than the parent drug, (+)MOD,
and comparable to those of cocaine (Okunola-Bakare et al,
2014) (Table 1). We compared JJC8-016 with R-MOD at
SERT, the D,-like, and sigma; receptors, as previous
structure-activity relationship studies in a series of both
modafinil and benztropine-like molecules have shown over-
lap in binding affinities at these sites (Cao et al, 2016)
(Table 1). Herein we extended these binding studies to a
screen of ~70 receptors, transporters, and enzymes at
concentrations of 100 nM and 10 uM. We then evaluated
and compared the behavioral effects of both R-MOD and
JJC8-016 in several rodent models of cocaine addiction. The
results of these studies suggest that JJC8-016 may be more
promising than R-MOD as a medication for the treatment of
cocaine use disorders and that its unique pharmacological
profile may provide leads for future drug development.

MATERIALS AND METHODS
Animals

Male Long-Evans rats (Charles River Laboratories, Raleigh,
NC) were used. All rats were housed individually in a
climate-controlled room under a 12 h light/dark cycle. Food
and water were available ad libitum throughout the
experiments. All experimental procedures were conducted
in accordance with the Guide for the Care and Use of
Laboratory Animals of the U.S. National Research Council
and were approved by the animal care and use committee of
the National Institute on Drug Abuse of the US National
Institutes of Health.

Drugs

R-MOD and JJC8-016 were synthesized in the Medicinal
Chemistry Section, National Institute on Drug Abuse-



Intramural Research Program according to literature proce-
dures (Cao et al, 2010; Okunola-Bakare et al, 2014). R-MOD
and JJC8-016 were dissolved in sterile water containing 10%
DMSO and 15% Tween-80 for intraperitoneal (i.p.) injection.
In the intravenous (i.v.) JJC8-016 replacement experiment,
JJC8-016 was dissolved in saline containing 1% DMSO and
1.5% Tween-80.

Experiment 1: In Vitro Screening

R-MOD was screened for binding to ~70 receptors,
transporters, and enzymes at a single concentration of
100 pM and there were no ‘hits.” JJC8-016 was tested in the
same screens at concentrations of 100 and 10 000 nM. The
results are displayed in Supplementary Tables S2 and S3.

Experiment 2: Cocaine Self-Administration

Intravenous cocaine self-administration. The procedures
for jugular catheter surgery and cocaine self-administration
were performed as previously reported (Le et al, 2006). The
iv. self-administration experiments were conducted in
operant response test chambers from Med Associates
(Georgia, VT). Each test chamber had an active lever and
an inactive lever. Depression of the active lever activated the
infusion pump; depression of the inactive lever was counted
but had no consequence. After 7 days of recovery from
surgery, rats were initially trained to self-administer cocaine
(1.0 mg/kg/infusion) under FR1 reinforcement. Each cocaine
infusion delivered a volume of 0.08 ml/infusion over 4.6s
and was paired with presentation of a stimulus light and
tone. During the 4.6 s infusion time, additional responses on
the active lever were recorded but did not lead to additional
infusions. Each session lasted 3h. FR1 reinforcement was
used for 5-7 days. Then, subjects were allowed to continue
cocaine (0.5 mg/kg/infusion) self-administration under FR2
reinforcement until stable cocaine self-administration was
established: a minimum of 20 presses on the active lever per
test session and stability criteria of <10% variability in
interresponse interval, <10% variability in number of
infusions taken, and <10% variability in number of presses
on the active lever for at least 3 consecutive days. The dose of
cocaine was chosen based on previous studies showing that
0.5 mg/kg/infusion of cocaine lies within the middle range of
the descending limb of the cocaine dose-response self-
administration curve, where reliable dose-dependent effects
can be observed (Xi et al, 2005). In addition, we chose
0.5mg/kg, rather than 1mg/kg, of cocaine in order to
increase the work demand (ie, lever presses) on the rats for
the same amount of drug intake. In our experience, this
approach increases the sensitivity of measuring changes in
drug-seeking behavior. To avoid cocaine overdose during the
self-administration period, each animal was limited to a
maximum of 50 cocaine injections per 3 h session.

Effects of R-MOD and JJC8-016 on i.v. cocaine self-
administration. The effects of R-MOD (10, 30, and
100 mg/kg) or JJC8-016 (10 and 30 mg/kg) 30 min before
testing on cocaine self-administration were evaluated after
stable cocaine self-administration was established for at least
3 consecutive days. After each test, rats then received an
additional 3-5 days of self-administration of cocaine alone
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until stable self-administration was reestablished. The order
of testing for the various doses of R-MOD and JJC8-018 was
counterbalanced.

Drug substitution test. Two additional groups of rats were
used to evaluate the addictive liability of JJC8-016. One
group of rats was initially trained for JJC8-016 self-
administration followed by cocaine substitution, and another
group of rats was initially trained for cocaine self-
administration followed by JJC8-016 substitution. The
experimental procedures for JJC8-016 self-administration
were the same as for cocaine self-administration except that
different doses of JJC8-016 (1.0 mg/kg/infusion) and cocaine
(0.5 mg/kg/infusion) were used. The dose of JJC8-016 was
chosen based on the dose of R-MOD used in our previous
self-administration and substitution tests (Wang et al, 2015)
and the maximal solubility of JJC8-016 in the vehicle for i.v.
drug administration. After stable cocaine self-administration
was established for at least 3 consecutive days, the cocaine
self-administration rats were switched to self-administer
JJC8-016 (1.0 mg/kg/infusion). Similarly, JJC8-016 self-ad-
ministration rats were switched to self-administer cocaine
(0.5 mg/kg/infusion). As rats might take several days to
support self-administration for a novel reinforcer, each
replacement test was continued for at least 5 days.

Multiple-dose cocaine self-administration. To determine
whether the pharmacological action of R-MOD or JJC8-016
was also cocaine dose dependent, we further studied the
effects of R-MOD or JJC8-016 on cocaine self-administration
maintained by a full range of cocaine doses (0.03, 0.06, 0.125,
0.25, 0.5, and 1.0mg/kg/infusion) in a single session
(Hiranita et al, 2009; Mantsch et al, 2007; Song et al,
2012). The session consisted of five sequential 20 min
components, each preceded by a 20 min timeout period for
changing cocaine dose. The infusion volumes and durations
in each component were identical except that cocaine
concentrations for corresponding unit cocaine doses dif-
fered. Training continued until: (1) a minimum of 5.0 mg/kg
cocaine was self-administered within a session with <20%
variation in the total number of cocaine injections compared
with the previous session, (2) the dose of cocaine that
maintained maximal response rates varied by no more than
one-half log unit over two consecutive test sessions, and (3)
maximal response rates were at least fivefold higher than
response rates maintained during extinction. Then, each rat
randomly received either vehicle or 1 of 2 doses of R-MOD
or JJC8-016 (10 and 30 mg/kg, i.p.) 30 min before the test
session. Rats then received an additional 3-4 days of self-
administration of cocaine alone until the baseline response
rate was reestablished before testing the next dose of R-MOD
or JJC8-016. The order of testing for the various doses of
drug or vehicle was counterbalanced.

Experiment 3: Oral Sucrose Self-Administration

The procedures for oral sucrose self-administration testing
were identical to the procedures used for cocaine self-
administration, except for the following: (1) no surgery was
carried out in this experiment; (2) active lever presses led to
delivery of 0.1 ml of 5% sucrose solution into a liquid food
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tray on the operant chamber wall; and (3) the maximal
number of sucrose deliveries was 100. The effects of JJC8-016
(10 and 30 mg/kg, i.p.) on oral sucrose self-administration
maintained under FR2 reinforcement were evaluated.

Experiment 4: Reinstatement to Cocaine-Seeking
Behavior

After stable cocaine self-administration was established, rats
were divided into four groups to evaluate the effects of
R-MOD and JJC8-016 in the following experiments.

Cocaine-induced reinstatement. The extinction procedure
was the same as described previously (Xi et al, 2006). During
extinction, cocaine was replaced by saline, and the cocaine-
associated cue-light and tone were turned off. Active lever-
pressing led only to saline infusion. After the rats met the
extinction criterion (<10 lever presses for 3 consecutive
days), they were tested to study the effects of R-MOD (0, 10,
30, and 100 mg/kg, i.p.) or JJC8-016 (0, 10, and 30 mg/kg, i.p)
on reinstatement of drug-seeking behavior induced by
cocaine priming (10 mg/kg, i.p.).

R-MOD- or JJC8-016-induced reinstatement. Another
two groups of rats underwent extinction, as described above,
until drug-seeking behavior was extinguished. Afterwards,
rats were tested for reinstatement of drug-seeking behavior
triggered by R-MOD (0, 10, 30, and 100 mg/kg, i.p.) or JJC8-
016 (0, 10, and 30 mg/kg, i.p.).

Experiment 5: Locomotor Activity

Locomotor effects by R-MOD or JJC8-016 alone. This
experiment was designed to evaluate the psychomotor
stimulating effects of R-MOD or JJC8-016 and also to see
whether the reduction in cocaine-taking and cocaine-seeking
behavior was because of nonspecific locomotor impairment
or sedative effects. Drug-naive rats were placed in locomotor
detection chambers (Accuscan, Columbus, OH) and habi-
tuated for 1h. Each rat randomly received vehicle or one
dose of R-MOD (0, 10, and 30 mg/kg, i.p.) or JJC8-016 (0, 10,
and 30 mg/kg, i.p.). Following injection, locomotor activity
was recorded for 2h in 10 min intervals. Each animal was
tested three times under different R-MOD or JJC8-016 doses
in a counterbalanced manner. The time interval was 2-3 days
between the tests. The distance counts (cm) were used to
evaluate the effects of R-MOD or JJC8-016 on locomotion.

Effects of R-MOD or JJC8-016 on cocaine-enhanced
locomotor activity. Another group of drug-naive rats were
used to study the effect of R-MOD or JJC8-016 on cocaine-
enhanced locomotor activity. After habituation to the
locomotor detection chambers for 1h, each rat randomly
received vehicle or one dose of R-MOD (0, 10, and 30 mg/kg,
i.p.) or JJC8-016 (0, 10, and 30 mg/kg, i.p.) and then received
a single dose of cocaine (10mg/kg, i.p.) 30min later.
Following the two injections, locomotor activity was
recorded for 2h in 10 min intervals. Each animal was tested
three times under different R-MOD or JJC8-016 doses in a
counterbalanced manner. The time interval between tests
was 2-3 days.

Neuropsychopharmacology

Experiment 6: Electrical Brain-Stimulation Reward
(BSR)

Surgery. Rats were anesthetized with sodium pentobarbital
(65 mg/kg i.p.) and placed in a stereotaxic frame, and a
monopolar stainless-steel stimulating electrode (Plastics One,
Roanoke, VA) was placed unilaterally into the lateral
hypothalamus using standard aseptic surgical and stereotaxic
techniques. The implant coordinates for the tips of the elec-
trodes were AP —2.56, ML + 1.9, and DV - 8.6, according to
the rat brain stereotaxic atlas (Paxinos and Watson, 1998).
The electrode was attached to the skull with jeweler’s screws
and dental acrylic. A wire leading from the electrode
was wrapped around a skull screw to serve as a current
return.

Initial training procedure. The experiments were con-
ducted in standard Med Associates operant chambers
(32 x25x33 cm). Each operant chamber had a lever located
6.5 cm above the floor, connected to an electrical stimulator.
The general procedures for electrical BSR were the same as
we have reported previously (Hayes et al, 2003; Song et al,
2014; Vorel et al, 2002; Xi et al, 2006). Briefly, after 7 days of
recovery from surgery, rats were allowed to self-train (auto
shape) to lever press for rewarding BSR. Each press on the
lever resulted in a 500 ms train of 0.1 ms rectangular cathodal
pulses through the electrode in the rat’s lateral hypothala-
mus, followed by a 500 ms ‘timeout’ in which further presses
did not produce brain stimulation. The initial stimulation
parameters were 72 Hz and 200 mA. If the animal did not
learn to lever-press, the stimulation intensity was increased
daily by 50 mA until the animal learned to press (45-60
responses/30 s) or a maximum of 800 mA was reached. Rats
that did not lever-press at 800mA or in which the
stimulation produced unwanted effects (eg, gross head or
body movements, spinning, vocalization, or jumping) were
removed from the experiment.

Rate-frequency training procedure. Following establish-
ment of lever-pressing for BSR, rats were presented with a
series of 16 different pulse frequencies, ranging from 141 to
25Hz in descending order. At each pulse frequency, rats
responded for two 30s time periods (‘bins’), following
which the pulse frequency was decreased by 0.05log
units. Following each 30s bin, the lever retracted for 5s.
Throughout the experiments, rats were run for three sessions
per day. Response rate for each frequency was defined as
the mean number of lever responses during two 30 s bins. As
lever-pressing behavior was variable during the first session
(the ‘warm-up’ session), but was stable during the second
and third sessions, the data from the first session were
discarded, and the data from the second and third sessions
were designated as the baseline session data and test session
data, respectively. The BSR threshold (0,) was defined as the
minimum frequency at which the animal responded for
rewarding stimulation.

Testing the effects of R-MOD or JJC8-016 on BSR. Once a
baseline 6, value was achieved (<15% variation over 5
continuous days), the effects of R-MOD and JJC8-016 on
BSR were assessed. On test days, rats randomly received
one of two different doses of R-MOD or JJC8-016 (10 and
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Effects of R-MOD and JJC8-016 on cocaine or sucrose self-administration. (a) R-MOD (10, 30, and 100 mg/kg) had no effect on cocaine self-

administration. (b) JJC8-016 (10 and 30 mg/kg) dose-dependently inhibited cocaine self-administration. (c) JJC8-016, at the same doses, also inhibited oral
sucrose self-administration. (d) R-MOD (10 and 30 mg/kg) shifted the cocaine dose—response curve downward and inhibited cocaine self-administration
maintained by low doses (0.0313 and 0.0625 mg/kg/infusion) of cocaine. (e) JJC8-016 (10 and 30 mg/kg) dose-dependently shifted the cocaine dose—response
curve downward and inhibited cocaine self-administration maintained by a wide dose range of cocaine (0.0313, 0.0625, 0.125, and 0.25 mg/kg/infusion).

*#P<0.05, ¥#p <001, and ***p <0.001 compared with vehicle.

30 mg/kg i.p.), or vehicle (10% DMSO and 15% Tween-80).
After each test, rats received an additional 5-7 days of BSR
restabilization until a new baseline 6, was established. The
order of testing for various doses of R-MOD and JJC8-016
was counterbalanced.

Experiment 7: In Vivo Brain Microdialysis

Microdialysis procedures used in the present experiments are
the same as published before (Tanda et al, 2005). Micro-
dialysis probes were prepared in the laboratory and had an
active dialyzing surface of 1.8-2.0 mm (Tanda et al, 2005).
Probes were surgically implanted into the NAc (according to
the coordinates: anterior +2.0 mm, lateral +1.0 mm from
bregma, vertical —7.9 mm from dura) under a mixture of
ketamine and xylazine anesthesia as described previously
(Tanda et al, 2005).

Experiments were performed on freely moving rats,
~22-24h after the probe implantation. Artificial cerebrospinal
fluid was perfused into the NAc and dialysates (10 pl) were
sampled every 10min and then immediately analyzed.
Results are expressed as the percentage of the amount of
DA in 10 min basal dialysate samples, calculated as means of
DA values. After reaching stable DA values (2-4 consecutive

samples, <10% variability), rats were treated with one dose
of JJC8-016 (10 and 30 mg/kg, i.p.), and sampled every
10 min, for the first 2h and every 20 min thereafter for a
maximum of 3 h. Detection of DA in dialysate samples was
accomplished by HPLC coupled with a coulometric detector
(5200a Coulochem III, ESA, Chelmsford, MA), and cell
potentials were set at +125mV (oxidation) and —125mV
(reduction).

Data Analysis

All data are presented as means + SEM. One-way or two-way
analysis of variance (ANOVA) for repeated measures over
time or drug dose was used to analyze the effects of R-MOD
or JJC8-016 in various experiments. Whenever a significant
main effect was found, individual group comparisons were
carried out using the Student-Newman-Keuls method.

RESULTS
JJC8-016 Has Higher Affinity for DAT than R-MOD

Table 1 shows the chemical structures and previously
reported in vitro binding affinities of R-MOD and JJC8-016
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at DAT, SERT, the D,-like, and sigma,; receptors. At DAT,
JJC8-016 (K;=116 nM) had ~ 26-fold higher affinity (lower
K;) than R-MOD (K;=3050 nM). In addition, JJC8-016 also
binds to SERT (K; =360 nM) and the D,, D3, D4, and sigma,
receptors, whereas R-MOD was essentially inactive at these
other receptors (Table 1). Indeed, across all the additional 68
receptor, transporter, and enzyme screen, at a concentration
of 100 pM, R-MOD had no ‘hits” On the other hand,
JJC8-016 had many ‘hits’ at a concentration of 10 uM
(Supplementary Tables S1 and S2). Nevertheless, in addition
to the binding profile recently described (Cao et al, 2016)
JJC8-016 only showed Ca™ channel binding at a concentra-
tion of 100 nM, in line with its DAT K; value of 116 nM.
Thus, these other off-target activities are likely not pharma-
cologically relevant.

JJC8-016 Inhibits Cocaine Self-Administration

The effects of systemic administration of R-MOD or
JJC8-016 on cocaine self-administration demonstrated that

a R-Modafinil +
Cocaine 10 mgkg, i.p.
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R-MOD (10, 30, and 100 mg/kg) had no significant effect
(Figure la, F3 ,5=0.96, p>0.05), whereas JJC8-016 (10 and
30 mg/kg) significantly inhibited cocaine self-administration
in a dose-dependent manner (Figure 1b, F, ;5=5.37,
p<0.05). The post hoc individual group comparisons
illustrated that JJC8-016, at 30 mg/kg, significantly decreased
cocaine infusions (p<0.05). We also observed the effects
of JJC8-016 on sucrose (a nondrug reinforcer) self-
administration in rats. Figure 1c shows that JJC8-016 dose-
dependently inhibited oral sucrose self-administration
(F,, 13=6.82, p<0.05). In contrast, R-MOD, at the dose
range of 30-100 mg/kg, failed to alter oral sucrose self-
administration as we reported previously (Wang et al, 2015).

To further explore this finding, we observed the effects of
R-MOD and JJC8-016 on the cocaine self-administration
dose-response curve. We found that both R-MOD and
JJC8-016 (10 and 30 mg/kg, i.p.) significantly shifted the
cocaine dose-response curves downward, whereas JJC8-016
appeared to be more potent and effective than R-MOD
(Figure 1d and e). Moreover, the inhibitory effects produced
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Figure 2 Effects of R-MOD and JJC8-016 on basal and cocaine-enhanced locomotor activity. (a) Pretreatment with R-MOD did not significantly alter
cocaine-enhanced locomotor activity. (b) Pretreatment with JJC8-016 dose-dependently attenuated cocaine-induced increase in locomotion. (c) R-MOD
alone dose-dependently increased locomotor activity. (d) JJC8-016 did not significantly alter basal level of locomotor behavior. Within-subjects design, =8 in
each treatment. *P<0.05, **p <0.01, and ***p <0.001 compared with vehicle control.
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Figure 3 Evaluation of the rewarding effects of R-modafinil and JJC8-016 in experimental animals. (a) Drug-naive rats rapidly acquired intravenous
self-administration of cocaine, but not JJC8-016. JJC8-016 substitution for cocaine cannot maintain stable self-administration in rats previously experienced at
self-administering cocaine, whereas cocaine substitution for JJC8-016 rapidly produced intravenous self-administration for cocaine in rats previously trained for
JJC8-016 self-administration. (b) Systemic administration of JC8-016, 10-30 mg/kg i.p. failed to alter extracellular dopamine (DA) in the nucleus accumbens.
Results are means, with vertical bars representing SEM, of the amount of DA in 10 min dialysate samples, expressed as percentage of basal values. (c) Systemic
administration of R-MOD dose-dependently decreased brain-stimulation reward (BSR) threshold (6o), indicating enhanced brain reward. (d) Systemic
administration of the same does of JJC8-016 had no effect on electrical BSR. *P < 0.05, #¥p <0.01, and **#p <0.001 compared with the vehicle control group
(c) or the basal levels of self-administration before the drug substitution test (a).

by R-MOD appeared to be cocaine dose dependent—R-
MOD is more effective in cocaine self-administration
maintained by very low doses of cocaine (0.03 and
0.06 mg/kg/infusion) (Figure 1d). Two-way ANOVA with
repeated measures over cocaine and R-MOD dose revealed a
significant treatment (vehicle vs R-MOD) main effect
(F», 105 =2.87, p<0.05), significant cocaine dose main effect
(Fs, 10s=26.94, p<0.001), and a significant treatment X
dose interaction (Fiq, 105=2.24, p<0.05). Individual group
comparisons revealed a significant reduction in cocaine
self-administration after 10mg/kg R-MOD treatment at
cocaine doses of 0.03 (p < 0.01) and 0.06 mg/kg/infusion cocaine
(p<0.01) and after 30 mg/kg R-MOD treatment at cocaine
doses of 0.06 mg/kg/infusion (p<0.01), when compared with
the vehicle control group (Figure 1d).

Comparatively, at the same drug doses, JJC8-016 appeared
to be more potent and effective than R-MOD in attenuating
cocaine self-administration. JJC8-016 significantly inhi-
bited cocaine self-administration maintained by multiple
doses of cocaine (0.03, 0.06, 0.125, and 0.25 mg/kg/infusion)
and significantly shifted the cocaine dose-response curve
downward in a dose-dependent manner. Two-way ANOVA
with two-factor repeated measures over cocaine and JJC8-

016 dose revealed a significant treatment (vehicle vs JJC8-
016) main effect (F, 9o =11.23, p<0.001), significant cocaine
dose main effect (Fs5 9o=10.53, p<0.001), and a significant
treatment x dose interaction (Fjo 9o =3.10, p<0.01). Indivi-
dual group comparisons revealed a statistically significant
reduction in cocaine self-administration after 10 mg/kg JJC8-
016 treatment at cocaine doses of 0.03 mg/kg/infusion
(p<0.01), 0.06 mg/kg/infusion (p<0.01), and 0.125 mg/kg/
infusion (p<0.05) and after 30 mg/kg JJC8-016 treatment at
cocaine dose of 0.03 mg/kg/infusion (p<0.001), 0.06 mg/kg/
infusion (p<0.001), 0.125 mg/kg/infusion (p<0.001), and
0.25 mg/kg/infusion (p<0.01), when compared with the
vehicle control group (Figure le).

JJC8-016 Attenuates Cocaine-Enhanced Locomotor
Activity

To determine whether this inhibitory effect produced by
R-MOD or JJC8-016 can be generalized to other actions of
cocaine, we observed the effects of both DAT inhibitors on
cocaine-enhanced locomotion. R-MOD had no significant
effect on 10 mg/kg cocaine-enhanced locomotion (Figure 2a,
F, 35;,=0.30, p>0.05). However, JJC8-016 pretreatment
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Figure 4 Effects of R-MOD and JJC8-016 on cocaine-primed reinstatement of cocaine-seeking behavior. (a, b) Active lever responses during the last session
of cocaine self-administration, last session of extinction, and reinstatement testing illustrating that pretreatment with R-MOD (a) or JJC8-016 (b) dose-
dependently inhibited cocaine-triggered reinstatement of drug-seeking behavior. A threefold higher dose (100 mg/kg) of R-MOD than JJC8-016 (30 mg/kg) is
required to produce this inhibitory effect. (c, d) Active lever responses during the last session of cocaine self-administration, extinction, and
reinstatement testing illustrating that R-MOD, at 100 mg/kg, induced reinstatement of cocaine-seeking behavior, whereas JJC8-016 did not at each drug dose
(10 and 30 mg/kg). *P<0.05 and **p <0.001 compared with the vehicle control.

significantly attenuated cocaine-enhanced locomotion in a
dose-dependent manner (Figure 2b, F, 35, =2.62, p>0.05).
Figure 2¢c and d show the locomotor effects of R-MOD and
JJC8-016, respectively, without cocaine, illustrating that
systemic administration of R-MOD dose-dependently in-
creased locomotion (Figure 2c, F, 35;,=10.09, p<0.001),
whereas JJC8-016 had no effect (Figure 2d, F, 35;=0.65,
p>0.05).

JJC8-016 Does Not Maintain Intravenous
Self-Administration

We have recently reported that R-MOD cannot maintain i.v.
self-administration by itself (Wang et al, 2015), suggesting
that R-MOD is not rewarding as compared with cocaine. To
determine whether JJC8-016 is rewarding and has similar
addictive potential as cocaine, we carried out JJC8-016 self-
administration studies in drug-naive rats in a manner similar
to cocaine self-administration. Figure 3a shows that one
group of naive rats quickly learned to lever press in order to
receive cocaine infusions (0.5 mg/kg/infusion, i.v.), whereas
another group of rats initially paired with JJC8-016 (1.0 mg/
kg/infusion) failed to achieve self-administration behavior.
Strikingly, when JJC8-016 was replaced by cocaine, rats
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displayed quick acquisition and stable self-administration
behavior for cocaine. In contrast, when cocaine was replaced
with JJC8-016 in another group of rats previously trained to
self-administer cocaine, JJC8-016 substitution failed to
maintain stable self-administration. Instead, gradual extinc-
tion behavior was observed. This pattern of extinction was
essentially identical to saline substitution for cocaine, as we
reported previously (Xi et al, 2006). Two-way ANOVA for
repeated measures revealed a significant time main effect
(Fy, 154=20.56, p<0.001), drug main effect (F; 4,=121.27,
p<0.001), and drugxtime interaction (F; 154=139.40,
p<0.001). These findings suggest that JJC8-016 is not
rewarding and is predicted to have low addictive liability.

JJC8-016 Has No Effect on Extracellular DA in the
Nucleus Accumbens

In an attempt to understand why JJC8-016 is not rewarding,
we measured brain DA levels in the nucleus accumbens with
in vivo microdialysis. Figure 3b shows that JJC8-016, at the
same doses that significantly inhibited cocaine self-admin-
istration, had no significant effect on stimulation of
extracellular DA in the nucleus accumbens (JJC8-016



treatment main effect: F; §=0.001, p>0.05,
ANOVA for repeated measures over time).

two-way

JJC8-016 Has No Effect on Electrical BSR

To further explore the above findings, we observed the
effects of both R-MOD and JJC8-016 on electrical BSR.
Systemic administration of R-MOD (10 and 30 mg/kg, i.p.)
produced a significant reduction in brain-stimulation thresh-
old (6, value) in a dose-dependent manner, suggesting an
enhancement of BSR (Figure 3c, F, ;4,=6.69, p<0.01).
However, JJC8-016, at the same doses, had no effect on
BSR (Figure 3d, F,, 14,=0.35, p>0.05).

JJC8-016 Inhibits Cocaine-Induced Reinstatement of
Drug-Seeking Behavior

We then explored the efficacy of R-MOD and JJC8-016 in
preventing reinstatement to cocaine-seeking behavior.
Figure 4 shows the total numbers of active lever presses
observed during the last session of cocaine self-administra-
tion, the last session of extinction, and the reinstatement test
session in two separate vehicle plus cocaine and different
doses of R-MOD or JJC8-016 plus cocaine groups. A single
noncontingent cocaine priming (10 mg/kg, ip.) evoked
robust reinstatement of cocaine-seeking behavior in rats
extinguished from previous cocaine self-administration.
Pretreatment with R-MOD (10 and 30 mg/kg) had no effect,
whereas at the highest dose tested (100 mg/kg), R-MOD
significantly attenuated cocaine-triggered reinstatement of
drug-seeking behavior (Figure 4a, F; ,;,=4.03, p<0.05).
Individual group comparisons revealed a statistically
significant reduction in cocaine-seeking behavior only
after 100 mg/kg R-MOD (Figure 4a, t=4.49, p<0.05)
administration. In contrast, pretreatment with JJC8-016 (10
and 30 mg/kg, i.p.) significantly attenuated cocaine-triggered
reinstatement of drug-seeking behavior in a dose-dependent
manner (Figure 4b, F, ,; =4.12, p<0.05). Individual group
comparisons revealed a statistically significant reduction in
cocaine-seeking behavior after 30 mg/kg JJC8-016 (p <0.05)
administration when compared with the vehicle control
group (Figure 4b). Figure 4c and d shows the effect produced
by R-MOD or JJC8-016 alone in reinstatement testing
without cocaine, illustrating that, at the same doses (10,
30 mg/kg), neither R-MOD nor JJC8-016 alone produced
reinstatement. However, at the high dose (100 mg/kg),
R-MOD alone induced reinstatement of drug-seeking
behavior (Figure 4c, F; ,3=5.29, p<0.01; Figure 4d,
Fz) 19— 059, p> 005)

DISCUSSION

The major findings in this study include the following. (1)
JJC8-016 is a novel DAT ligand with higher affinity for DAT
than R-MOD, but has no effect on extracellular DA,
suggesting that JJC8-016 binding to the DAT may not
significantly alter DAT (reuptake) in vivo, at the doses tested,
although complete inhibition of [’H]DA uptake in a cell-
based assay has been described (Cao et al, 2016). This is
significantly different from the typical DAT inhibitors,
including cocaine. In addition, JJC8-016 also has significant
binding affinities for SERT, D,-like DA, and sigma,;

JJC8-016 as a new pharmacotherapy for cocaine use disorders
H-Y Zhang et al

receptors, whereas R-MOD is DAT selective, although with
significantly lower DAT affinity than JJC8-016. (2) Systemic
administration of JJC8-016 significantly and dose-
dependently inhibits intravenous cocaine self-administra-
tion, cocaine-enhanced locomotion, and cocaine-induced
reinstatement of drug-seeking behavior, whereas R-MOD
inhibits cocaine-induced reinstatement only at the highest
dose (100 mg/kg) tested. (3) R-MOD itself displays reward-
ing and psychomotor-stimulant effects as assessed by
enhanced locomotor activities, enhanced brain-stimulation
reward, and reinstatement of drug-seeking behavior, whereas
JJC8-016 does not, as assessed by the lack of effects in these
behavioral assays, in neurochemical (microdialysis) assays,
and in the drug substitution test in self-administration
experiments. Taken together, these findings suggest that
JJC8-016 has attributes that look promising for development
as a pharmacotherapeutic treatment of cocaine use disorders,
as it is more potent and effective than R-MOD in attenuating
cocaine’s actions and is predicted to have no significant
abuse potential.

Cocaine  produces rewarding and psychomotor-
stimulating effects mainly through the inhibition of DA
uptake via the DAT. Accordingly, it has been proposed that
other DAT inhibitors may possess similar addictive liability
as cocaine (Kuhar et al, 1991; Ritz et al, 1987). In contrast,
several classes of small molecules have been reported to have
high affinity and selective DAT binding profiles, but without
the behavioral profile of cocaine that is associated with its
reinforcing effects and abuse liability (Cao et al, 2010; Desai
et al, 2005; Hiranita et al, 2009; Hong et al, 2016; Katz et al,
2004; Loland et al, 2012; Newman et al, 1994, 1995; Tanda
et al, 2009). These ligands have been coined atypical DAT
blockers or inhibitors (Reith et al, 2015). The atypical DAT
inhibitors, such as tropane-based benztropine-like analogs
(eg, JHW 007) have structural similarities to cocaine, but
have very different structure-activity relationships (Agoston
et al, 1997; Newman et al, 1994, 1995; Zou et al, 2003),
suggesting a distinct binding mode at the DAT. Indeed, these
analogs appear to bind differently than cocaine and cocaine-
like molecules at the DAT that has been proposed to affect
their behavioral profiles in vivo (Beuming et al, 2008; Loland
et al, 2008). These behaviors include reduced or complete
lack of cocaine-like rewarding effects (Desai et al, 2005;
Hiranita et al, 2009; Tanda et al, 2009). These studies
collectively demonstrate that not all DAT inhibitors have
abuse liability and some may be effective in attenuating
cocaine-induced reward. As such, we posit that these atypical
DAT inhibitors may have potential as medication candidates
to treat cocaine dependence.

As discussed previously, (x)MOD is another clinically
available and wunique DAT inhibitor that is a mild
psychostimulant-like agent that increases wakefulness, im-
proves attention, and enhances cognitive performance
(Marchant et al, 2009; Tsanov et al, 2010; Turner et al,
2004). However, it does not serve as a reinforcer in cocaine
abusers (Vosburg et al, 2010). As such, (=)MOD has been
evaluated clinically as a candidate drug for the treatment of
cocaine addiction. For example, (+)MOD was reported to
attenuate craving during cocaine withdrawal and decrease
smoked cocaine self-administration in humans (Ballon and
Feifel, 2006; Dackis et al, 2005; Hart et al, 2008). However,
other studies suggest that (+)MOD is not effective in

Neuropsychopharmacology

1879



JJC8-016 as a new pharmacotherapy for cocaine use disorders
H-Y Zhang et al

1880

attenuating impulsivity for cocaine-taking and attentional
bias in crack-cocaine-dependent patients (Nuijten et al,
2016). In general, (+)MOD has been reported to have low
abuse liability (Mereu et al, 2013), but a rare case of
dependence was recently reported when a high dose was
given (Krishnan and Chary, 2015). In total, these reports
suggest that (+)MOD may not be ideal for the treatment of
cocaine dependence in humans. As R-MOD is also clinically
available, it has been suggested as an alternative to (+)MOD
for evaluation in cocaine-dependent subjects (Loland et al,
2012; Mereu et al, 2013). Nevertheless, in contrast to our
findings in nicotine self-administering rats, R-MOD was
ineffective in attenuating cocaine self-administration. This
may be because of its much lower affinity for DAT
(K;=3050 nM) than cocaine (K;=72nM) (Cao et al, 2010)
that may prevent it from effectively blocking cocaine from
binding to the DAT. This inspired us to modify the MOD
chemical structure in order to develop novel analogs with
higher affinities as DAT inhibitors than MOD itself (Cao
et al, 2010; Okunola-Bakare et al, 2014). JJC8-016 was
identified as a lead compound and has 26-fold higher affinity
for DAT than R-MOD. In contrast to R-MOD, JJC8-016 also
has higher affinities for SERT, sigma, receptor, and D,-like
(D,, D3, Dy) receptors (Table 1).

One of the most important findings in the present study is
that JJC8-016 appears to be more potent and effective than
R-MOD in attenuating cocaine-taking and cocaine-seeking
behavior. This may be related to its higher binding affinity of
JJC8-016 for the DAT than R-MOD. JJC8-016 would be
predicted to interfere with cocaine binding to the DAT and
therefore attenuate cocaine reward and relapse to drug-
seeking behavior. Furthermore, JJC8-016 also displayed high
affinity for D,-like (particularly D; and D,) DA receptors
and sigma; receptors. We and others have previously
reported that Dj; receptor antagonists and DAT/sigma,
receptor dual inhibitors are highly effective in attenuating
cocaine self-administration (Bari and Pierce, 2005; Cao et al,
2003; Hiranita et al, 2011; Katz et al, 2016a, b; Maurice et al,
2002; Song et al, 2014). These findings suggest that these
non-DAT mechanisms may also contribute to the behavioral
effects produced by JJC8-016. Clearly, more studies are
required to further address the functional role of the off-
target interactions in mediating the therapeutic effects of
JJC8-016. Furthermore, JJC8-016 also attenuates sucrose
self-administration, whereas other atypical DAT inhibitors
(R-MOD, JHW 007) do not (Ferragud et al, 2014; Wang et al,
2015). This inhibitory effect may be related to the binding of
JJC8-016 to other off targets. In addition, more studies with
chronic drug doses are warranted to determine whether these
are nonspecific actions or whether the attenuation of
cocaine-seeking and cocaine-taking behavior would persist,
whereas effects on sucrose intake would not.

Another important finding in the present study is that
JJC8-016 has no or low abuse potential. This is supported by
the findings that naive rats self-administered cocaine, but not
JJC8-016. JJC8-016 substitution also failed to maintain
self-administration behavior in rats previously trained to
self-administer cocaine. JJC8-016 also failed to elevate
extracellular dopamine and basal levels of locomotion or
alter electrical BSR behavior. It also failed to evoke
reinstatement of drug-seeking behavior in rats after drug-
seeking behavior is extinguished. As JJC8-016 (K;=116 nM)
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displayed similarly high affinity for DAT as cocaine
(Ki=72nM), these data support an atypical DAT inhibitor
profile for JJC8-016.

Considerable evidence suggests that the binding mode of
DA uptake inhibitors at the DAT can affect downstream
behavioral actions (Loland et al, 2008, 2012; Schmitt and
Reith, 2011), although not all atypical DAT inhibitors bind to
the DAT in a similar manner (Hong et al, 2016). This notion
has been further supported by site-directed mutagenesis data,
in which JJC8-016, like the benztropine-like atypical DAT
inhibitors (eg, JHW 007), does not prefer binding to the
outward open conformation of the DAT, as cocaine does
(Cao et al, 2016). Moreover, JJC8-016 also binds to SERT and
several D,-like receptors (D,, D3, and D,) as well as the
sigma,; receptor. We have determined that JJC8-016 is a weak
(low potency) D, antagonist (ICsq > 10 uM) (Cao et al, 2016)
in an in vitro functional assay. As we did not observe any
behaviors that are typically associated with D, antagonism, it
is unlikely that this mechanism is involved in the behaviors
observed. Furthermore, although the mechanistic role of
these non-DAT targets in the behavioral profile of JJC8-016
are unclear, there is no evidence to support that actions at
these sites would be rewarding and cause JJC8-016 to be
addictive.

A third important finding is that R-MOD is not effective in
attenuating cocaine’s actions in multiple animal models of
cocaine abuse. The simplest explanation is that R-MOD has
much lower affinity than cocaine for DAT and thus at the
doses achievable, because of its limited solubility, R-MOD
cannot prevent cocaine from binding sufficiently to reduce
its pharmacological effects. Therefore, much higher doses of
R-MOD may be required to block cocaine’s binding to the
DAT, at least in rats. This is clearly supported by our
findings that R-MOD, at the same doses of JJC8-016 that
inhibited cocaine self-administration, did inhibit cocaine
self-administration maintained by very low doses of cocaine
in the multiple-dose cocaine self-administration experiment
and that a threefold higher dose (100 mg/kg) of R-MOD
inhibited cocaine-induced reinstatement of drug-seeking
behavior. In contrast to JJC8-016, R-MOD exhibits reward-
ing and psychomotor-stimulating effects by itself as assessed
by an increase in electrical BSR, extracellular DA in the NAc
and open-field locomotion, as well as in reinstatement
produced by R-MOD alone. This is likely related to the DA-
elevating effects of R-MOD (Loland et al, 2012). Indeed,
although there are few reports of abuse liability of R-MOD
(Jerry et al, 2016), its mild psychostimulant effects are likely
clinically relevant to its effectiveness for sleep disorders, for
which it is clinically used. As (£)MOD has recently been
reported to be effective in a subpopulation of cocaine-
dependent subjects (Kampman et al, 2015), R-MOD might
also be effective. Hence, clinical investigation of this drug
may be warranted, despite the lack of efficacy in the rodent
models reported herein.

Finally, the reduction in cocaine self-administration and
reinstatement of drug-seeking behavior is not because of
sedation or locomotor impairment after JJC8-016 adminis-
tration, as JJC8-016 had no significant effect on locomotor
activity. In addition, JJC8-016 also failed to alter active lever
responses for electrical BSR and inactive lever response
during the cocaine self-administration and reinstatement



tests, suggesting that the rats are not impaired in the
presence of behaviorally effective doses of this drug.

In conclusion, the present study demonstrates that JJC8-
016 is an atypical DAT inhibitor that has moderately high
affinity for the DAT, has no effect on extracellular DA in the
nucleus accumbens, in vivo, despite its potent inhibition of
[PH]DA uptake in a cell-based assay (Cao et al, 2016), and
has no addictive potential. In addition, JJC8-016 has
significant off-target activity at the dopamine D; and D,
receptor subtypes, as well as the sigma; receptor and SERT.
Indeed, it is likely that some or all of these off-target actions
contribute to its unique behavioral profile and medication
development potential. Strikingly, it is more potent and
effective than R-MOD in attenuating cocaine self-
administration and reinstatement of drug-seeking behavior
and thus serves as a lead to new and promising pharma-
cotherapies for the treatment of cocaine use disorders.
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