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Agonist-replacement therapies have been successfully used for treatment of opiate and nicotine addiction, but not for cocaine addiction.
One of the major obstacles is the cocaine-like addictive potential of the agonists themselves. We report here an atypical dopamine (DA)
transporter (DAT) inhibitor, CTDP-32476, that may have translational potential for treating cocaine addiction. In vitro ligand-binding assays
suggest that CTDP-32476 is a potent and selective DAT inhibitor and a competitive inhibitor of cocaine binding to the DAT. Systemic
administration of CTDP-32476 alone produced a slow-onset, long-lasting increase in extracellular nucleus accumbens DA, locomotion,
and brain-stimulation reward. Drug-naive rats did not self-administer CTDP-32476. In a substitution test, cocaine self-administration rats
displayed a progressive reduction in CTDP-32476 self-administration with an extinction pattern of drug-taking behavior, suggesting
significantly lower addictive potential than cocaine. Pretreatment with CTDP-32476 inhibited cocaine self-administration, cocaine-
associated cue-induced relapse to drug seeking, and cocaine-enhanced extracellular DA in the nucleus accumbens. These findings suggest
that CTDP-32476 is a unique DAT inhibitor that not only could satisfy ‘drug hunger’ through its slow-onset long-lasting DAT inhibitor
action, but also render subsequent administration of cocaine ineffectual—thus constituting a novel and unique compound with
translational potential as an agonist therapy for treatment of cocaine addiction.
Neuropsychopharmacology (2017) 42, 682–694; doi:10.1038/npp.2016.155; published online 21 September 2016
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INTRODUCTION

Cocaine addiction is a chronic brain disease characterized by
loss of control over drug intake and high rates of relapse
following detoxification and abstinence (Everitt et al, 2008;
Kalivas and Volkow, 2005). Although several pharmacologi-
cal agents have been tested as treatments for cocaine
addiction, none has proven effective (Carroll et al, 2006;
Gorelick et al, 2004; Vocci and Ling, 2005; Xi and Gardner,
2008). Cocaine is a monoamine transport (MAT) blocker
that inhibits the neuronal reuptake of dopamine (DA),
serotonin (5-HT), and norepinephrine (Wise, 1996). Co-
caine’s addictive properties are believed to be mediated
predominantly by blockade of presynaptic DA transport
(DAT; Wise, 1996). It has therefore been proposed that a
MAT or DAT inhibitor may act as a substitute for cocaine in

drug-dependent individuals (Gardner et al, 2006; Gorelick
et al, 2004; Grabowski et al, 2004; Runyon and Carroll, 2006).
A conceptually similar approach has proven effective for
opiate addiction (using methadone as the substitute opiate)
and for smoking cessation (using varenicline or nicotine to
substitute for tobacco-derived nicotine) in a subpopulation
of addicts (Gerra et al, 2009; Silagy et al, 2004). Several DAT
inhibitors such as GBR-12909 and methylphenidate have
been examined for treatment of cocaine addiction (Howell
and Wilcox, 2001; Newman and Kulkarni, 2002; Platt et al,
2002; Rothman et al, 2008; Runyon and Carroll, 2006).
However, none has proven successful because of significant
abuse liability and/or significant cardiovascular side-effects
as produced by GBR-12909 (Rothman et al, 2008).
Given that methadone is a relatively long-acting opioid

receptor agonist and nicotine-replacement therapies have
slow-release as a feature, we proposed that a MAT or DAT
inhibitor with a slow-onset, long-acting profile might have
potential as an agonist therapy for treating cocaine addiction
(Froimowitz et al, 2000; Gardner et al, 2006; Peng et al,
2010). However, the tested compounds in those studies were
nonselective MAT inhibitors, which displayed high
psychomotor-stimulation and functionally enhanced
cocaine’s action on extracellular DA and brain-stimulation
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reward (BSR, Gardner et al, 2006; Peng et al, 2010),
suggesting that MAT inhibitors with slow-onset long-lasting
profiles have less than desirable therapeutic potential. Several
other ligands such as GBR-12909, PTT [2β-propanoyl-3β-(4-
tolyl)-tropane], and RTI (Research Triangle Institute)
compounds (3-phenyltropane analogs) have been previously
thought to be ‘slow-onset long-acting’ DAT inhibitors
(Howell and Wilcox, 2001; Rothman et al, 2008). However,
in vivo microdialysis and fast-cyclic voltammetry studies
suggest that they are actually fast-onset (Espana et al, 2008)
and have only slightly longer durations of action than
cocaine (2–3 h vs 1–2 h) with respect to enhanced extra-
cellular nucleus accumbens (NAc) DA (Baumann et al, 1994;
Budygin et al, 2000; Kimmel et al, 2008; Kimmel et al, 2007;
Nakachi et al, 1995). These data suggest that such DAT
inhibitors may have similar addictive potential as cocaine.
Therefore, a truly slow-onset long-acting DAT inhibitor as
an agonist therapy for treating cocaine addiction has not yet
been well studied.
In addition, we have recently reported that methadone is

more than simply ‘slow heroin’ (Peng et al, 2010). It not only
displays a long-lasting opiate agonist profile, but also renders
subsequent administration of heroin ineffectual (Allouche
et al, 2014). As a consequence, we have proposed that a
successful agonist therapy for cocaine addiction must have
two basic properties, to wit: (1) a slow-onset long-lasting
DAT inhibitor profile, to satisfy drug hunger, and (2) the
ability to block subsequent cocaine action (Peng et al, 2010).
Here, we report on a piperidine compound—CTDP-32476

(named by the NIDA Cocaine Treatment Development
Program), one of very few DAT inhibitors with slow-onset
long-duration profiles (Froimowitz et al, 2007). Unlike our
previously studied compounds CTDP-30640 and
CTDP-31345 (each of which is a prodrug), CTDP-32476 is
a metabolically stable DAT inhibitor. It has potent affinity
for the DAT, moderate affinity for the NET, and little affinity
for the SERT with similar results on uptake assays at the
three transporter systems (Froimowitz et al, 2007). In the
present study, we evaluated the potential utility of this
compound for treatment of cocaine addiction in a wide
variety of preclinical models. We first compared the binding
properties of cocaine, methylphenidate, and CTDP-32476 on
the DAT and the possible interactions of CTDP-32476 with
cocaine at the DAT ex vivo. We then evaluated the potential
abuse potential of CTDP-32476 by itself and its pharmaco-
logical interactions with cocaine in multiple animal models
of cocaine addiction.

MATERIALS AND METHODS

Animals

Male Long–Evans rats (Charles River Laboratories, Raleigh,
NC) initially weighing 250–300 g were used for all experi-
ments. They were housed individually in a climate-controlled
animal colony room on a reverse light–dark cycle (lights on
at 1900 hours, lights off at 0700 hours) with free access to
food and water. The animals were maintained in a facility
fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International.
All experimental procedures were performed in accordance
with the ‘Guide for the Care and Use of Laboratory Animals’

(National Research Council, 2011) and were approved by the
Animal Care and Use Committee of the National Institute on
Drug Abuse of the U.S. National Institutes of Health.

Experiment 1: In vitro Ligand-Binding Assays

Transporter-binding assays. The protocols for cell mem-
brane preparations were slightly modified from a previous
report (Reavill et al, 2000). The membranes were prepared
from human embryonic kidney 293 cells (HEK293 cells)
stably expressing human DATs. The affinities of the test
compounds (CTDP-32476, methylphenidate, cocaine) for
DAT were determined by competitive interaction with [3H]-
WIN-35428, respectively, as previously described (Jin et al,
2012). Briefly, stored membranes were suspended in reaction
buffer. Competitive binding assays were performed in
reaction buffer containing 50 μg membrane protein, [3H]-
WIN-35428 (10 nM) and various concentrations of
CTDP-32476 (10− 8 to 10− 4 M), methylphenidate (10− 8 to
10− 4 M) or cocaine (10− 8 to 10− 4 M) at 21 °C for 60 min.
Non-specific binding to DAT was determined with 10 μM
nomifensine. The reaction was terminated by filtration
through Whatman GF/C filters presoaked in 0.3% poly-
ethyleneimine for 30 min. The filter was then washed three
times with 3 ml of cold 50 mM Tris-HCl.

[3H]-cocaine-binding assays. The effects of CTDP-32476
or methylphenidate on [3H]-cocaine binding to cell mem-
branes for DAT were determined in the presence of 50 nM
[3H]-cocaine and varying concentrations of CTDP-32476
(10− 12 to 10− 4 M) or methylphenidate (10− 9 to 10− 4 M).
After 60 min incubation at 21 °C, the reaction was termi-
nated by filtration through Whatman GF/C filters presoaked
in 0.3% polyethyleneimine for 30 min. Although [3H]-
cocaine binding has a high-dissociation rate (Reith et al,
1998), a fast single-manifold vacuum filtration system was
used. The filter was then washed three times with 3 ml
50 mM Tris-HCl. Non-specific binding was determined in
the presence of 50 nM [3H]-cocaine and 20 μM nomifensine.
Specific transporter binding was calculated by subtracting
non-specific binding from total ligand binding. IC50 values of
the test compounds were determined using a method
previously described (Cheng and Prusoff, 1973). Ki value
was calculated using the equation Ki= IC50/(1+[S]/Kd)
([S]− radioligand substrate concentration). All data are
presented as mean values of 2–3 independent assays.

Experiment 2: Locomotor Activity

This experiment was designed to compare the psychomotor
stimulating effects of cocaine with those of CTDP-32476.
Drug-naive rats were placed in locomotor detection cham-
bers (Accuscan, Columbus, OH) and habituated for 1 h. Rats
were then divided into 4 groups. Each group randomly
received vehicle (1 ml/kg 25% 2-hydroxypropyl-β-cyclodex-
trin) or one dose of cocaine (10 mg/kg, i.p.) or one of two
doses of CTDP-32476 (3, 10 mg/kg, i.p.). Following the
injection, locomotor activity was recorded for 6 h in 10 min
bins, and distance counts were used to evaluate the effects of
cocaine or CTDP-32476 on locomotion.
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Experiment 3: Intracranial Electrical BSR

Surgery and general procedures for electrical BSR were as we
have reported previously (Xi et al, 2008). Briefly, the surgery
was performed under sodium pentobarbital anesthesia
(65 mg/kg i.p.). A unilateral monopolar stainless-steel
stimulating electrode was placed into the medial forebrain
bundle at the anterior–posterior level of the lateral hypotha-
lamus (AP − 2.56, ML ± 1.9, and DV − 8.6). After 7 days of
recovery from surgery, rats were allowed to self-train
(autoshape) to lever press for rewarding BSR. Once stable
BSR behavior was achieved (o10% variation in θ0 over 5
continuous days), animals received an intraperitoneal (i.p.)
injection of cocaine (10 mg/kg) or one of two doses of
CTDP-32476 (3, 10 mg/kg). At 30 min after injection, the
BSR test began. The BSR threshold (θ0) was defined as the
minimum frequency at which the animal responded for
rewarding stimulation, which was mathematically calculated
using ‘best-fit’ mathematical algorithms (Xi et al, 2008).
After each test, animals received an additional 5–7 days of
BSR re-stabilization until a new baseline θ0 was established.
The order of testing for different drug doses was
counterbalanced.

Experiment 4: Intravenous Self-Administration

Cocaine self-administration under fixed-ratio reinforce-
ment. The methods for catheter surgery and self-
administration training were as previously reported (Xi et al,
2008). After 5–7 days of recovery from surgery, each rat was
placed into a test chamber (Med Associates, Saint Albans, VT)
and allowed to lever press for i.v. saline (0.08ml/infusion),
cocaine (0.5 mg/kg/infusion), or CTDP-32476 (0.5, 1.0 mg/kg/
infusion) infusion under fixed-ratio 1 (FR1) reinforcement.
Each session lasted 3 h. The FR1 reinforcement schedule was
used for 5 days, and then switched to FR2 for an additional
10 days. Lever responding and drug infusions for cocaine and
CTDP-32476 were compared. In order to avoid cocaine
overdose, animals were limited to 50 cocaine infusions
per session. The effects of CTDP-32476 (3, 10, 20mg/kg,
i.p.) on cocaine self-administration were assessed.

CTDP-32476 substitution for cocaine self-administration
under FR2 reinforcement. In this experiment, animals
were initially trained to self-administer cocaine and then
cocaine was replaced by the same dose of CTDP-32476
(0.5 mg/kg/infusion) or saline (0.1 ml/infusion) for 7 con-
secutive days to determine if CTDP-32476 can maintain
stable self-administration.

Cocaine self-administration under progressive-ratio rein-
forcement. The methods for cocaine self-administration
under PR reinforcement were identical to those reported
previously (Xi et al, 2008). After establishing a stable baseline
under FR2 reinforcement, the subjects were divided into
three subgroups for three different doses (0.25, 0.5, 1.0 mg/
kg/infusion) of cocaine or dose-matched CTDP-32476 self-
administration under PR reinforcement. During PR condi-
tions, the work requirement (lever presses) needed to receive
a single i.v. drug infusion was progressively raised within
each test session according to the following PR series: 1, 2, 4,
6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219,

268, 328, 402, 492, and 603 until the break point was reached
(Richardson and Roberts, 1996). The break point was defined
as the maximal work load (ie, number of lever presses)
completed for the last cocaine infusion prior to a 1-h period
during which no infusions were obtained by the animal.
Animals were allowed to continue daily sessions of cocaine
self-administration under PR reinforcement until day-to-day
variability in the break point fell within 1–2 ratio increments
for 3 consecutive days. Then, cocaine was replaced by the
same doses of CTDP-32476 (0.25, 0.5, 1.0 mg/kg/infusion)
for 3 consecutive days. The break points under each dose of
cocaine or CTDP-32476 were compared.

In four additional groups of rats, the effects of CTDP-32476
pretreatment (vehicle, 3, 10, 20mg/kg, i.p., 30min prior to the
test session) on PR cocaine self-administration were evaluated.

Multiple-dose cocaine self-administration. To further
determine whether CTDP-32476 altered cocaine’s rewarding
efficacy, we also investigated the effects of CTDP-32476
pretreatment on cocaine self-administration maintained by a
full range of cocaine doses (0.03125, 0.0625, 0.125, 0.25, 0.5,
and 1.0 mg/kg/infusion) in a single session. The session
consisted of six sequential 20-min components, each
preceded by a 10-min time-out period for changing the
cocaine dose. The infusion volumes and durations in each
component were identical except that cocaine concentrations
for corresponding unit cocaine doses differed. There was a
30-min extinction period (0 mg/kg cocaine) before daily
cocaine self-administration acquisition. After stable cocaine-
maintained responding was achieved (ie, a minimum of
10 mg/kg cocaine intake within a session; o10% variation in
total number of cocaine infusions for 3 consecutive days),
each rat randomly received either vehicle or 1 of 2 doses of
CTDP-32476 (10, 20 mg/kg, i.p.) 30 min prior to the
multiple-dose cocaine self-administration test session. Ani-
mals then received an additional 5–7 days of cocaine self-
administration until the baseline response rate was re-
established prior to testing the next dose of CTDP-32476.
The order of testing for the various doses of drug or vehicle
was counterbalanced.

Experiment 5: Cocaine- or Cue-Primed Reinstatement of
Drug-Seeking Behavior

Effects of CTDP-32476 on cocaine-primed reinstatement.
After stable cocaine self-administration was achieved for at
least 3–5 days, the animals underwent extinction training,
during which cocaine was replaced by saline, and the light
and sound cues that previously accompanied cocaine
infusions were turned off. After drug-seeking behavior was
extinguished, defined as ≤ 10 active lever presses during each
3-h session for at least 3 consecutive days, the animals were
divided into 3 dose groups to evaluate the effects of
CTDP-32476 (0, 10, or 20 mg/kg, i.p.) on cocaine-primed
reinstatement of drug-seeking behavior (n= 7–8 per group).

Effects of chronic CTDP-32476 on cue-induced reinstate-
ment. After meeting the above self-administration criteria,
additional groups of rats underwent extinction as described
above in the presence or absence of CTDP-32476 pretreat-
ment (vehicle, 10, 20mg/kg, i.p., 30 min prior to extinction
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testing for 7 days). At 24 h after the last extinction session,
cue-primed reinstatement testing began. During the testing,
1–2 non-contingent presentations of the cocaine-associated
light and tone were given at the onset of the test session
because toward the end of extinction training, most rats did
not approach the lever. Subsequent lever presses then led to
response-contingent deliveries of the same conditioned light-
tone cues. On the test day, there was no CTDP-32476
administration in the three groups of rats. Then, an additional
cocaine-primed reinstatement test followed 24 h after the cue-
primed reinstatement test in the same groups of rats.

Experiment 6: In vivo Brain Microdialysis

The intracranial guide cannula surgery and in vivo brain
microdialysis procedures were identical to those previously
reported (Li et al, 2010). In brief, rats were anesthetized with
sodium pentobarbital (50 mg/kg i.p.) and brain microdialysis
guide cannulae were surgically implanted into the NAc (AP
+1.6, ML 2.0, DV − 4.0).
In vivo microdialysis experiments were begun after

5–7 days of recovery from surgery. Microdialysis probes
were inserted into the NAc through the previously implanted
guide cannulae at least 12 h before onset of experimentation
to minimize damage-induced neurochemical release during
the experiment. After 1 h of baseline sample collection,
vehicle, cocaine (10 mg/kg, i.p.), or CTDP-32476 (10, 20 mg/
kg, i.p.) was administered systemically to determine time
course of action of the drugs on extracellular NAc DA.
To compare the relative potency of action of cocaine and

CTDP-32476 on NAc DA, escalating concentrations of
cocaine or CTDP-32476 (1, 10, 100, 1000 μM) were locally
infused into the NAc. We also investigated and compared the
effects of intra-NAc CTDP-32476 (30 μM) pretreatment and

co-administration with cocaine on cocaine-enhanced extra-
cellular NAc DA. After collection, all samples were frozen at
− 80 °C until analyzed. Microdialysate DA was measured
using high-performance liquid chromatography coupled
with electrochemical detection.

Drugs and Chemicals

Cocaine (NIDA, Baltimore, MD) was dissolved in sterile
physiological saline. CTDP-32476 [(RR/SS)-2-[1-(4-chloro-
phenyl)-3-methylbutyl]piperidinium chloride] was synthe-
sized at the Massachusetts College of Pharmacy and Health
Sciences using synthesis procedures previously described
(Froimowitz et al, 2007). It was dissolved in 25% or 5%
2-hydroxypropyl-β-cyclodextrin for i.p. or i.v. administra-
tion, respectively.

Data Analyses

All data are presented as means± SEM. One-way or two-way
analyses of variance (ANOVA) were used to analyze the
effects of cocaine and/or CTDP-32476 on locomotion, self-
administration, or NAc DA (see the ‘Results’ section for
details). Individual group comparisons were carried out
using the Student–Newman–Keuls method.

RESULTS

CTDP-32476 is a Highly Potent Human DAT Inhibitor

Figure 1a shows the structures of cocaine, methylphenidate,
and CTDP-32476. Figure 1b shows the binding properties of
cocaine, methylphenidate, and CTDP-32476 on the DAT
using HEK293 cells transfected with the human DAT—
demonstrating that all three ligands significantly inhibited

Figure 1 Ligand-binding properties at the DAT expressed on HEK293 cells. (a) Chemical structures of the three test ligands—cocaine, methylphenidate,
and CTDP-32476. (b) The three test ligands inhibited [3H]-WIN-35428 binding to human DAT expressed in HEK293 cells in a concentration-dependent
manner. CTDP-32476 displayed ~ 20-fold higher binding affinity (Ki= 12 nM) for DAT than cocaine (279 nM) or methylphenidate (107 nM). (c)
Concentration-dependent binding curve of [3H]-cocaine for DAT; (d) CTDP-32476 and methylphenidate inhibited [3H]-cocaine binding at the DAT in a
concentration-manner, with CTDP-32476 displaying higher affinity for DAT than methylphenidate and showing two binding sites on the DAT.
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[3H] WIN-35428 binding to DAT in a concentration-
dependent manner. The Ki values of these 3 compounds
are 12± 3 nM (CTDP-32476), 107± 48 nM (methylpheni-
date), and 279± 65 nM (cocaine), suggesting that
CTDP-32476 is a highly potent DAT inhibitor with ~ 20-
fold higher affinity for the DAT than cocaine.

CTDP-32476 is a Competitive Cocaine-binding Inhibitor
at the DAT

We then investigated the potential interactions of
CTDP-32476 and cocaine binding at the DAT. Figure 1c
shows [3H]-cocaine binding at the DAT, with a Kd value of
69 nM. Figure 1d shows [3H]-cocaine (50 nM) binding
curves at the DAT in the absence or presence of different
concentrations of CTDP-32476 or methylphenidate, illus-
trating that: (1) both compounds significantly inhibit [3H]-
cocaine binding at the DAT in a concentration-dependent
manner; (2) CTDP-32476 is more potent than methylphe-
nidate in blocking [3H]-cocaine binding; and (3)
CTDP-32476 has two binding sites on the DAT—a high-
affinity binding site with a Ki-High value of 0.12± 0.08 nM
and a low-affinity binding site with a Ki-Low of
123± 35.8 nM. Methylphenidate displayed only one medium
affinity binding site with a Ki value of 58.5± 23.5 nM. These
findings suggest that CTDP-32476 is a potent cocaine-
binding inhibitor at the DAT.

CTDP-32476 is a Long-Acting DAT Inhibitor After
Systemic Administration

Figure 2 shows that acute cocaine (10 mg/kg, i.p.) produced a
fast-onset (within 10 min) and short-duration (~1 h) increase
in locomotion (Figures 2a and b), electrical BSR (Figure 2d),
and extracellular NAc DA (Figure 2e). In contrast, systemic
administration of CTDP-32476 (3, 10, 20 mg/kg, i.p.)
produced a slow-onset (20–60 min), long-duration (6–12 h)
increase in these three parameters in a dose-dependent
manner (Figures 2a, c, d, and e). A two-way ANOVA for
repeated measures over time revealed a statistically signifi-
cant treatment (cocaine vs CTDP-32476 or CTDP-32476 vs
methylphenidate/GBR-12909) main effect (Figure 2a:
F3,28= 16.36, po0.001; Figure 2b: F3,27= 12.16, po0.01;
Figure 2c: F2,21= 10.34, po0.01; Figure 2d: F3,27= 9.34,
po0.01; and Figure 2e: F3,27= 10.61, po0.001) and time
main effect (Figure 2a: F38, 1064= 18.89, po0.001; Figure 2b:
F38, 364= 18.89, po0.001; Figure 2c: F38, 798= 18.89, po0.001;
Figure 2d: F10, 270= 9.21, po0.01; and Figure 2e: F20,
360= 23.65, po0.001). To determine whether this slow-
onset long-lasting profile is unique to CTDP-32476, we
compared the pharmacological action of CTDP-32476 with
two other well-characterized DAT inhibitors—methylpheni-
date and GBR-12909. Figure 2c shows that CTDP-32476 is
significantly different from both compounds. Systemic
administration of methylphenidate or GBR-12909 actually
produced fast-onset (very similar to cocaine) and relatively
long-duration (2 h vs1 h) increased locomotion (Figure 2b),
whereas CTDP-32476 produced pronounced slow-onset (20–
60 min vs o10 min) and long-duration (at least 6 h vs 1–2 h)
increased locomotion when compared with cocaine
(Figure 2a) or methylphenidate/GBR-12909 (Figure 2c) at
the same doses. In contrast to the above findings, local

administration of CTDP-32476 into the NAc produced a
cocaine-like fast-onset increase in extracellular DA in a
concentration-dependent manner (Figure 2f, F1,13= 0.34,
p40.05), suggesting that the slow-onset long-lasting action
produced by systemic (i.p.) administration of CTDP-32476 is
due to its peripheral pharmacokinetic profile.

CTDP-32476 Displays Low Addictive Potential in Animal
Models

We then examined whether this unique slow-onset long-
acting DAT inhibitor CTDP-32476 displays less addictive
potential than cocaine in animal models. Figure 3a shows the
time courses of acquisition of intravenous cocaine (0.5 mg/kg
per infusion), CTDP-32476 (0.5, 1.0 mg/kg per infusion), or
saline (0.1 ml/infusion) self-administration in four groups of
drug-naive rats under FR2 reinforcement, demonstrating
that drug-naive rats rapidly and reliably acquired stable self-
administration of cocaine, but not of saline or CTDP-32476.
A two-way ANOVA for repeated measures over time
(sessions) revealed a statistically significant treatment main
effect (F3,25= 31.54, po0.001). Individual group compari-
sons revealed a statistically significant difference in self-
administration between the cocaine and saline groups
(po0.001), and between the cocaine and CTDP-32476
groups (po0.001), but not between the saline and
CTDP-32476 groups (p=NS). These findings suggest that
CTDP-32476 does not have cocaine-like appetitive properties
in drug-naive rats.
To further explore the abuse liability of this compound (a

critical obstacle in development of agonist therapy for
cocaine addiction), we carried out drug substitution tests to
determine whether CTDP-32476 could maintain a cocaine-
like pattern of self-administration in rats trained to self-
administer cocaine. Figure 3b shows the results of
CTDP-32476 substitution for cocaine under FR2 reinforce-
ment, illustrating that the same unit dose (0.5 mg/kg per
infusion) of CTDP-32476 did not sustain stable self-
administration, but displayed a progressive reduction in
drug intake over time (8 sessions) with a typical extin-
ction pattern of self-administration within each substi-
tution session. Saline failed to maintain self-administration,
producing rapid extinction of drug-seeking behavior. A two-
way repeated measures ANOVA revealed a statistically
significant treatment (saline vs CTDP-32476) main effect
(F2,18= 32.85, po0.001) and time main effect (F10,140= 53.49,
po0.001).
The self-administration break point under progressive-

ratio (PR) reinforcement (ie, maximal work load an animal is
willing to expend to receive a drug infusion) is often used to
evaluate a drug’s rewarding efficacy (Richardson and
Roberts, 1996; Xi et al, 2008). A higher break point for drug
self-administration is generally believed to indicate higher
addictive potential. Figure 3c shows mean PR break points
for three different doses of cocaine or CTDP-32476 (0.25, 0.5,
and 1.0 mg/kg/infusion), illustrating that cocaine produced a
dose-dependent increase in PR self-administration break
point. However, when cocaine was replaced by CTDP-32476
at each dose, PR break points were significantly lower than
those seen with cocaine PR self-administration. In addition,
substitution of CTDP-32476 for cocaine also caused a
progressive reduction in drug-taking behavior over time (3
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sessions) at each tested dose. A one-way repeated-measures
ANOVA revealed a significant treatment (cocaine vs CTDP-
32476) main effect at 0.5 mg/kg per infusion (F5,30= 5.08,
po0.01) or 1.0 mg/kg per infusion (F5,30= 10.22, po0.001),
but not at 0.25 mg/kg per infusion (F5,30= 2.20, p=NS).

Individual group comparisons reveal a significant reduction
in break point for drug self-administration when cocaine was
replaced by CTDP-32476. These findings observed in three
different self-administration experiments support a conclu-
sion that CTDP-32476 is less rewarding than cocaine.

Figure 2 The slow-onset long-lasting profiles of CTDP-32476 after systemic administration. (a) Systemic administration of CTDP-32476 (3, 10, and 20 mg/
kg, i.p.) produced a slow-onset long-lasting increase in locomotion compared with cocaine. (b) Systemic administration of methylphenidate or GBR-12909
(10 mg/kg, i.p.) produced similarly fast-onset and relatively longer-duration (2 h vs 1 h) enhanced locomotion than cocaine. (c) In contrast to methylphenidate
or GBR-12909, systemic administration of CTDP-32476 produced significantly slower-onset, longer-duration enhanced locomotion. (d and e) Systemic
administration of CTDP-32476 produced a significantly slower-onset and longer-lasting increase of electrical brain-stimulation reward (d) and extracellular
NAc DA (e), compared with cocaine. (f) However, intracranial local perfusion of CTDP-32476 produced similar enhancement of extracellular NAc DA as
cocaine. *po0.05, **po0.01, ***po0.001, compared with baseline before drug administration. #po0.05 between cocaine and GBR-12909 groups in Fig.
2b; ##po0.01, between CTDP-32476 and methylphenidate groups in Figure 2c.
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CTDP-32476 Pretreatment Attenuates Cocaine
Self-Administration

We then assessed whether CTDP-32476 pretreatment
attenuates cocaine self-administration. Figure 4a shows mean
cocaine infusions before and after different doses of
CTDP-32476 pretreatment. Pretreatment with CTDP-32476
(3, 10, and 20 mg/kg, i.p.) dose-dependently inhibited
cocaine self-administration under FR2 reinforcement
(F3,31= 6.23, po0.01), but had no effect on inactive lever
responding. Figure 4b shows that systemic administration of
CTDP-32476 (3, 10, and 20 mg/kg, i.p.) also significantly
lowered the PR break point for cocaine self-administration in

a dose-dependent manner (F3,27= 3.34, po0.05), suggesting
a reduction in cocaine’s rewarding effects. Individual group
comparisons indicated a significant reduction in break point
after 20 mg/kg (po0.05), but not after 3 mg/kg or 10 mg/kg
CTDP-32476, when compared with the vehicle
control group.
To further query whether CTDP-32476 pretreatment

attenuates cocaine reward in self-administration, we ob-
served cocaine dose-response self-administration curves
maintained by a range of cocaine doses (0.03125, 0.0625,
0.125, 0.25, 0.5, and 1.0 mg/kg/infusion) in the presence or
absence of CTDP-32476 pretreatment. Figure 4c shows that
CTDP-32476 pretreatment dose-dependently shifted the

Figure 3 Evaluation of CTDP-32476’s addictive potential. (a) Mean numbers of intravenous cocaine, CTDP-32476, or saline infusions during an initial
10 days of self-administration in naive rats, illustrating that naive rats rapidly learn to self-administer cocaine, but not CTDP-32476 or saline. (b) CTDP-32476
or saline substitution tests in rats previously self-administering cocaine (0.5 mg/kg per infusion), illustrating that CTDP-32476 (0.5 mg/kg per infusion)
substitution did not sustain stable self-administration; rather, CTDP-32476 self-administration displayed a progressive reduction over time (sessions) in animals
previously self-administering cocaine. (c) CTDP-32476 substitution for cocaine in self-administration under progressive-ratio (PR) reinforcement, illustrating
that PR break points for CTDP-32476 were significantly lower than those for equivalent doses of cocaine in rats previously self-administering cocaine.
*po0.05, **po0.01, ***po0.001, compared with last day of cocaine self-administration at each dose.
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cocaine self-administration dose-response curve downward.
A two-way repeated-measures ANOVA over cocaine dose
revealed a significant treatment (vehicle vs CTDP-32476)
main effect (F2,10= 19.67, po0.001), a significant cocaine

dose main effect (F5,25= 16.80, po0.001) and a significant
treatment × cocaine dose interaction (F10,50= 4.64, po0.001).
Figure 4d shows total cocaine intake (mg/kg) at each cocaine
dose in the different treatment groups, demonstrating that

Figure 4 Effects of CTDP-32476 pretreatment on cocaine self-administration and reinstatement of drug-seeking behavior. CTDP-32476 (3, 10, and 20 mg/
kg, i.p. 30 min prior to testing) dose-dependently inhibited cocaine self-administration under FR2 reinforcement (a), lowered the break point for cocaine self-
administration under PR reinforcement (b), shifted the cocaine dose-response self-administration curve downward (c), and shifted the dose-dependent
cocaine intake curve downward and to the right (d). A single injection of CTDP-32476 (10, 20 mg/kg, i.p., 2 h prior to cocaine priming) failed to block cocaine-
triggered reinstatement of drug-seeking behavior (e). Repeated daily administration of CTDP-32476 (10 and 20 mg/kg/day, i.p., 30 min prior to testing) during
7 days of extinction sessions significantly attenuated cocaine-associated cue-triggered reinstatement of drug-seeking behavior (f). *po0.05, **po0.01,
***po0.001, compared with the baseline before CTDP-32476 administration (a and b), compared with the vehicle control group at each dose (c and d) or
compared with the last day of extinction (e).

Agonist therapy for cocaine addiction
Z-X Xi et al

689

Neuropsychopharmacology



CTDP-32476 pretreatment dose-dependently shifted the
cocaine dose-response curve downward and to the right
(F2,10= 19.09, po0.001).

Chronic CTDP-32476 Pretreatment Inhibits Relapse to
Cocaine-Seeking Behavior

We also assessed the effects of CTDP-32476 pretreatment on
cocaine-induced relapse to drug-seeking behavior, using the
reinstatement animal model of relapse. Figure 4e shows that
a single injection of CTDP-32476, administered 2 h before
cocaine priming, failed to alter cocaine-induced reinstate-
ment of drug-seeking behavior (Figure 4e: F2,23= 0.35,
p=NS), whereas CTDP-32476 alone, at the dose range of
10–20 mg/kg, produced mild reinstatement of drug-seeking
behavior (data not shown). However, when CTDP-32476
was given repeatedly for 7 consecutive days during extinc-
tion, it significantly attenuated cue-induced reinstatement of
drug-seeking behavior (Figure 4f: F2,18= 4.11, po0.05, one-
way ANOVA). Subsequent reinstatement responding trig-
gered by cocaine priming was also reduced although this
reduction was not statistically significant (Figure 4f:
F2,18= 1.44, p=NS). This may be related to the relatively
lower reinstatement responses in the vehicle control group
during the cocaine-induced reinstatement test.

CTDP-32476 Pretreatment Attenuates
Cocaine-Enhanced Extracellular NAc DA

Finally, we observed the effects of CTDP-32476 pretreatment
on cocaine-induced changes in NAc DA. Figure 5a shows
extracellular NAc DA levels before and after CTDP-32476
and subsequent cocaine administration. Systemic adminis-
tration of CTDP-32476 significantly elevated extracellular
DA levels in a dose-dependent manner. Although
CTDP-32476 pretreatment altered basal levels of extracellular
DA before cocaine administration (Figure 5a), we used two
methods to quantitatively evaluate the effects of CTDP-32476
pretreatment on cocaine-induced changes in extracellular
DA. First, we compared the absolute amounts of DA (nmol/
sample) produced by cocaine in the presence and absence of
CDTP-32476 pretreatment (Figure 5b), and found that
CTDP-32476 pretreatment significantly blocked cocaine-
enhanced extracellular DA in a dose-dependent manner.
Two-way ANOVA for repeated measures over time revealed
a statistically significant CTDP-32476 treatment main effect
(F2,19= 8.72, po0.001), time main effect (F10,209= 4.90,
po0.001), and treatment × time interaction (F11, 209= 7.98,
po0.01). Second, we compared cocaine-induced percent
change in DA over baseline in the presence or absence of
CTDP-32476 pretreatment (Figure 5c). We found that
CTDP-32476 pretreatment significantly attenuated cocaine-
induced increases in extracellular NAc DA (Figure 5c;
F2,19= 16.74, po0.001).
We also observed the interaction of CTDP-32476 and

cocaine on extracellular DA by direct microinjections within
the NAc. Figure 5d shows extracellular NAc DA levels before
and after local perfusion of CTDP-32476 (30 μM) and
subsequent cocaine (1, 10, and 100 μM) into the NAc,
demonstrating that cocaine-enhanced extracellular DA was
significantly blunted in the presence of local perfusion
of 30 μM CTDP-32476. Again, although CTDP-32476

pretreatment elevated basal levels of extracellular DA before
cocaine administration, we compared cocaine-induced
changes in extracellular DA content (nmols/sample,
Figure 5e) and cocaine-induced percent change over the
new baseline immediately before cocaine infusion
(Figure 5f). We found that, in the presence of CTDP-32476
(30 μM), cocaine-enhanced extracellular NAc DA was
blocked (Figure 5e, F1, 12= 16.28, po0.001; Figure 5f, F1,
12= 14.79, po0.001, two-way ANOVA). Histological exam-
ination indicated that the active microdialysis membranes
spanned the length of the core and shell compartments of
the NAc.

DISCUSSION

The present study was designed to characterize the
pharmacological properties of CTDP-32476, and to evaluate,
in animal models relevant to addiction, its potential utility as
an agonist medication for the treatment of cocaine addiction.
We found that CTDP-32476 is significantly different from
many other DAT or MAT inhibitors: (1) CTDP-32476 is a
highly potent and selective DAT inhibitor with an excep-
tional slow-onset long-lasting profile; (2) CTDP-32476 has
much lower addictive potential than cocaine; (3)
CTDP-32476 is a competitive [3H]-cocaine-binding inhibitor
at the DAT and functionally antagonizes cocaine’s action on
extracellular DA in the NAc; and (4) systemic administration
of CTDP-32476 inhibits cocaine self-administration and
cocaine cue-induced reinstatement of drug-seeking behavior.
These findings suggest that CTDP-32476 is a novel and
unique DAT inhibitor with both a slow-onset long-lasting
profile and the ability to block the actions of subsequent
cocaine. These profiles are similar to those shown in our
previous work demonstrating that methadone is a long-
acting opioid receptor agonist that functionally antagonizes
heroin’s action on extracellular DA and heroin self-
administration (Peng et al, 2010). We therefore suggest that
CTDP-32476 deserves further study as a potential agonist
therapy for cocaine addiction.
With respect to methadone agonist therapies for addiction

and dependence, there is little question that they can be
clinically effective. After 450 years of clinical use, metha-
done agonist therapy clearly improves treatment retention
and significantly decreases heroin use (Mattick et al, 2009).
An overview of 5 meta-analyses and systematic reviews,
summarizing results from 52 studies and 12,075 opioid-
dependent participants, found methadone to be more
effective than detoxification, no treatment, or buprenorphine
(Amato et al, 2005). With respect to nicotine agonist therapy,
a meta-analysis of 150 trials, involving 450,000 smokers,
revealed that nicotine agonist therapy increased the chances
of stopping smoking by 50–70% (Stead et al, 2012). Similar
findings of efficacy for nicotine agonist therapy in large-scale
trials and meta-analyses are reported by many others
(Silagy et al, 2004). Thus, agonist therapy has proven itself
useful for both opioid and nicotine addiction, and there
seems no a priori reason why agonist therapy—with the right
properties (Peng et al, 2010)—should not be similarly
effective for psychostimulant addiction.
It is well-documented that cocaine’s rapid onset of action

contributes to its highly-rewarding efficacy and addictive
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potential (Busto and Sellers, 1986; Kimmel et al, 2008;
Kimmel et al, 2007), although not all studies support this
view (Li et al, 2011). In rodents, different rates of cocaine
delivery affect its addictive liability—drugs reaching the
brain rapidly are more addictive than those that reach the
brain slowly (Oldendorf, 1992; Samaha and Robinson, 2005;
Wakabayashi et al, 2010). Similarly, in humans, the more
rapidly cocaine (Volkow et al, 2000) or methylphenidate
(Volkow et al, 2002) enters the brain, the greater the reported
‘high’. On the basis of this, we previously proposed that slow-
onset long-acting MAT or DAT inhibitors should have lower
addictive potential than cocaine (Froimowitz et al, 2000,
2007; Gardner et al, 2006; Peng et al, 2010). In the present
study, multiple lines of evidence demonstrate that
CTDP-32476 is an exceptional slow-onset (20–60 min)
long-duration (6–12 h) DAT inhibitor that displays signifi-
cantly lower addiction potential than cocaine. The mechan-
isms underlying such an exceptional slow-onset long-acting
profile are incompletely understood. As stated above,
CTDP-32476 is a metabolically stable DAT inhibitor with

long half-life, that may persistently block the DAT and cause
a long-lasting increase in extracellular NAc DA. Strikingly,
intracranial local administration of CTDP-32476 produced
as fast as increase in extracellular DA as cocaine, suggesting
that delayed absorption and/or slower blood-brain transport/
diffusion may contribute to the slow-onset profile seen after
systemic administration. A caveat to this study is that the
effects produced by oral or intravenous administration of
CTDP-32476 were not assessed. Thus, more studies are
needed to further characterize the slow-onset long-acting
profile and addictive potential of this novel compound under
different routes of drug delivery.
Importantly, in the present study, we demonstrate that

CTDP-32476 displayed significantly lower abuse potential
than cocaine. This is based on the finding that drug-naive
rats rapidly and reliably learned to self-administer cocaine,
but not CTDP-32476. In rats that had acquired the self-
administration habit and achieved stable cocaine self-
administration, CTDP-32476 substitution maintained sig-
nificantly lower rates of self-administration and intake. In

Figure 5 Effects of CTDP-32476 pretreatment on cocaine-enhanced extracellular NAc DA. (a) Extracellular NAc DA levels before and after CTDP-32476
and subsequent cocaine administration, illustrating that systemic administration of CTDP-32476 or cocaine significantly elevated extracellular DA. (b) Cocaine-
induced changes in extracellular NAc DA (nmol/sample) in the presence or absence of CTDP-32476 pretreatment, by subtracting basal level (mean value of
two samples before cocaine) of extracellular DA from DA level after cocaine administration. (c) Re-normalized data (percent change in DA over the new
baseline immediately before cocaine), demonstrating a significant reduction in cocaine-enhanced NAc DA after CTDP-32476 pretreatment. (d) Cocaine- or
CTDP-32476-induced changes in extracellular NAc DA after intra-NAc local administration. (e) Intra-NAc cocaine-induced changes in extracellular NAc DA
(nmol/sample) in the presence or absence of intra-NAc CTDP-32476 co-administration, and (f) re-normalized NAc DA data (percent over new baseline
immediately before cocaine administration), demonstrating that CTDP-32476 (30 μM) pretreatment and co-administration blocked cocaine-enhanced NAc
DA. *po0.05, **po0.01, ***po0.001, compared with baseline in each group. #po0.05, ##po0.01, ###po0.001, compared with vehicle control group.
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addition, CTDP-32476 produced significantly lower PR
break points than cocaine. Strikingly, this reduction in
cocaine self-administration rate, cumulative drug intake or
break point progressively enhances over time. This suggests
that CTDP-32476 self-administration differs meaningfully
from that of cocaine, and may therefore be predicted to have
lower addictive potential than cocaine. This is consistent
with our report that the slow-onset long-acting MAT
inhibitor CTDP-31345 maintained significantly lower rates
of self-administration in rats previously stable at cocaine self-
administration (Peng et al, 2010) and a previous report that
the long-acting cocaine analog PTT failed to maintain self-
administration in non-human primates (Nader et al, 1997).
An important caveat attached to this assertion is the use of

limited CTDP-32476 doses in the present study. It is possible
that different doses might generate different outcomes. For
example, CTDP-32476 may be self-administered at lower or
higher doses. In addition, CTDP-32476 supported operant
responding in rats initially trained to self-administer cocaine,
although this behavior progressively declines over time. This
may be related to its persistent (long-lasting) effects, not
necessarily to a lower addictive potential. These issues should
be addressed in future experiments in order to more
thoroughly assess and characterize CTDP-32476’s potential
utility as an anti-addiction pharmacotherapy.
Another important finding of the present study is that co-

administration of CTDP-32476 and cocaine inhibited [3H]-
cocaine binding to the DAT in in vitro cell cultures, and
functionally antagonized cocaine’s action on NAc DA as
measured by in vivo brain microdialysis. Also, CTDP-32476
pretreatment dose-dependently inhibited cocaine-taking and
cocaine-seeking behavior, as assessed by cocaine self-
administration under both FR2 and PR reinforcement and
by a shift in the cocaine self-administration dose-response
curve, suggesting that a reduction in cocaine’s rewarding
effects may underlie the reduction of cocaine self-
administration after CTDP-32476 administration. This
action and the underlying mechanisms may be different
from those produced by other DAT inhibitors such as
GBR-12909, PTT, and some RTI compounds, although they
also dose-dependently inhibit cocaine self-administration
and attenuate cocaine intake (Glowa et al, 1996; Howell and
Wilcox, 2001; Kimmel et al, 2008; Negus et al, 2009;
Rothman et al, 2008; Tanda et al, 2009). The precise
mechanisms underlying such actions remain unclear. Given
that cocaine self-administration behavior is sensitive to fast
changes in extracellular DA, the slow-onset long-lasting
increase in DA produced by CTDP-32476 may underlie the
reduction in cocaine self-administration observed in the
present study. Another possibility is that CTDP-32476 may
act as other atypical DAT inhibitors such as GBR-12909,
benztropine, or modafinil—that induce a ‘closed’ or inward-
facing conformation upon binding to the DAT (Loland et al,
2008; Reith et al, 2015). Because cocaine has higher binding
affinity for the more ‘open’ conformation, a compound
inducing a ‘closed’ conformation would be more likely to
attenuate cocaine binding to the DAT and thus be less
effective as a DAT inhibitor. However, this possibility
appears low as intra-NAc local perfusion of CTDP-32476
produced a fast-onset increase in extracellular DA, similar to
cocaine.

We note that a single injection of CTDP-32476, when
given 2 h before cocaine priming, failed to alter cocaine-
induced reinstatement of drug-seeking behavior, whereas
chronic administration of CTDP-32476 for 7 consecutive
days did. The mechanisms underlying these different
findings are unclear, but some possibilities would appear to
present themselves. First, cocaine priming produces an
increase in both NAc DA and glutamate, and glutamate
has been proposed to have an important role in reinstate-
ment of drug-seeking behavior (Kalivas and Volkow, 2005).
Possible lack of effect on cocaine-enhanced glutamate may
(in part) explain the lack of effect of acute CTDP-32476 on
cocaine-induced reinstatement. Second, cocaine-dependent
subjects have been shown to have significant deficits in brain
DA function (Koob et al, 2004; Kuhar and Pilotte, 1996).
Thus, it might well be expected that repeated, but not single
dose, CTDP-32476 administration may be more effective in
renormalization (elevation) of extracellular DA, thereby
decreasing motivation for drug-seeking behavior (ie, drug
craving).
On the basis of above findings that: (1) CTDP-32476 is a

highly potent and selective DAT inhibitor and also a cocaine-
binding inhibitor at the DAT; (2) CTDP-32476 exhibits
significantly lower addictive potential than cocaine; and (3)
CTDP-32476 pretreatment inhibits cocaine-taking and
cocaine-seeking behavior likely by antagonizing cocaine-
enhanced extracellular DA, we suggest that CTDP-32476
deserves further research as a potential agonist pharma-
cotherapy for the treatment of cocaine addiction. A possible
limitation to the use of CTDP-32476 as a medication is its
possible addictive potential. However, this seems low.
Furthermore, CTDP-32476’s relatively mild and limited
reinforcing properties may be helpful in relieving dysphoria,
craving, or abstinence symptoms—thereby improving pa-
tient compliance and medication effectiveness.
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