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The trace amine-associated receptor 1 (TAAR1) has emerged as a promising target for medication development in addiction because of

its ability to regulate dopamine (DA) transmission. We tested in rats the efficacy of RO5203648 and RO5256390, partial and full TAAR1

agonists, respectively, in models of cocaine relapse. Using a model of context-induced relapse, both RO5203648 and RO5256390 dose-

dependently suppressed cocaine seeking after a 2-week period of withdrawal from chronic cocaine self-administration. In a model of

extinction-reinstatement, RO5203648 completely inhibited cocaine-primed reinstatement of cocaine seeking. At doses that effectively

suppressed cocaine seeking neither RO5203648 nor RO5256390 altered responding maintained by a natural reward. Moreover, fast

scan cyclic voltammetry data showed that RO5203648 prevented cocaine-induced DA overflow in the nucleus accumbens without

altering DA half-life, suggesting that the partial TAAR1 agonist attenuated cocaine-stimulated DA overflow by mechanisms other than

direct interference with DA uptake. Collectively, these data provide strong evidence in support of TAAR1 as a neuropharmacological

target for the treatment of cocaine addiction.
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INTRODUCTION

Trace amines (TAs), such as p-tyramine, b-phenylethyla-
mine, tryptamine, and octopamine, are a family of
endogenous molecules with strong similarities to classical
monoamines (Berry, 2007; Grandy, 2007). Known for
decades, TAs were at first believed to act through the
defined effector systems associated with classical biogenic
amines. However, the cloning of mammalian G protein-
coupled receptors that stimulate the production of cAMP
when exposed to TAs (Bunzow et al, 2001; Borowsky et al,
2001), and the identification of such receptors in the brain
(Miller et al, 2005; Xie et al, 2007), supports the role of TAs
as neurotransmitters in their own right. Two receptors,
referred to as the TA-associated receptor (TAAR) 1 and 4
subtypes, have been found to be sensitive to TAs at
physiological concentrations, but only TAAR1 has been
identified and cloned in human, monkey, rat, and mouse
genomes (Lindemann et al, 2005), with TAAR4 being a
pseudogene in human. Recent evidence supports a role for
TAAR1 in the regulation of dopamine (DA) transmission

and psychostimulant action. First, psychostimulant and
hallucinogenic compounds, such as amphetamine, metha-
mphetamine, 3,4-methylenedioxymethamphetamine, and
lysergic acid diethylamide, are all agonists at TAAR1
(Bunzow et al, 2001; Reese et al, 2014) and the rank order
of potency of several enantiomeric amphetamines to
activate TAAR1 is correlated with stimulant effects reported
in humans (Lewin et al, 2011). Second, TAs evoke
‘amphetamine-like’, sympathomimetic effects at high nano-
molar to low micromolar concentrations, which has been
linked to increased monoamine release and inhibition of
monoamine uptake (Berry, 2004; Lindemann and Hoener,
2005). By contrast, TAs may in the low nanomolar range
contribute to monoamines’ homeostasis as revealed by
genetic and pharmacological studies. Taar1 knockout mice
showed elevated spontaneous discharge of DA neurons in
the ventral tegmental area (VTA) and enhanced sensitivity
to the locomotor and DA-enhancing effects of amphetamine
(Lindemann et al, 2008), whereas brain-specific overexpres-
sion of TAAR1 rendered mice hyposensitive to the
neurochemical and locomotor-stimulating effects of am-
phetamine (Revel et al, 2012a). Furthermore, the TAAR1
partial agonist, RO5203648, reduced cocaine-stimulated
locomotor activity and cocaine intake in a self-administra-
tion (S-A) paradigm (Revel et al, 2012b). These findings
support a role for TAAR1 in the regulation of dopaminergic
transmission and psychomotor stimulant action. However,
despite their promising profile, the potential of TAAR1
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selective compounds to reduce relapse after chronic
stimulant S-A, a highly desirable feature for an efficacious
anti-addiction medication to have, has not been previously
investigated.

Here, to address this important question, we used
RO5203648 and RO5256390, partial and full TAAR1
agonists, respectively (Revel et al, 2012b, 2013), and well-
established models of cocaine S-A, including context-
induced relapse and extinction-reinstatement, coupled with
neurochemical assays. We show that both RO5203648 and
RO5256390 prevented relapse to cocaine seeking after with-
drawal from cocaine S-A. Moreover, RO5203648 reduced
cocaine’s reinforcing efficacy, blocked cocaine-primed
reinstatement of cocaine seeking and attenuated cocaine-
stimulated increases in DA overflow in the nucleus
accumbens, strongly supporting the development of TAAR1
agonists as candidate medications for cocaine addiction.

MATERIALS AND METHODS

Subjects

Long Evans male rats (8- to 10-week old at the start of the
experiments) served as subjects. Rats were obtained from
the Department of Psychology (University of Canterbury,
Christchurch, New Zealand) or Charles River (Milan, Italy)
and maintained on a reversed 12-h light–dark cycle (light
on at 2000 hours) and standard conditions of temperature
(21±2 1C) and humidity (45–55%). Rats used in the S-A
studies were given a 20 g/day ration of rat chow and free
access to water (Velazquez-Sanchez et al, 2013). All
procedures were carried out in accordance with the NIH
Guide for the Care and Use of Laboratory animals, and were
approved by the animal ethics committees of the University
of Canterbury and of the Italian Institute of Technology.

Pharmacological Agents

Cocaine hydrochloride was obtained from the National
Institute on Drug Abuse (USA). It was dissolved in 0.9%
NaCl for intraperitoneal injections and intravenous S-A.
RO5203648 and RO5256390 were synthesized at F Hoffman-
La Roche. Both compounds were dissolved in 10%
dimethylsulfoxide and 0.9% saline.

Catheter Implantation Surgery

Rats assigned to the cocaine S-A experiments were operated
on to implant intravenous catheters. Animals were anesthe-
tized with 2,2,2-tribromoethanol solution (12.5 mg/ml solu-
tion in 2.5% tertiary amyl alcohol, 2 ml/100 g of body
weight). Catheters (o.d. 0.63 mm, i.d. 0.30 mm, Camcaths,
UK) were subcutaneously placed on the back of the animal
between the scapulae and the tip of the silicon tube was
inserted and fixed to the right jugular vein. Immediately
after surgery, rats were treated with the analgesic, carprofen
(5 mg/kg). To prevent infections, rats were treated pre and
post-surgically with daily injections of antibiotic (cephalex-
in, 25 mg/kg s.c., Norbrook, New Zealand). To prolong their
patency, catheters were flushed with heparinized saline
(0.1 ml, 70 IU/ml) before and after each S-A session.

Apparatus

Twelve S-A chambers (Med Associates, VT) controlled by
software (Med-PC IV) were used in the S-A studies.
Chambers had two response levers designated as active
and inactive. Active lever presses resulted in activation of
the infusion pump and a light stimulus for 5 s. Presses on
the inactive lever were recorded but had no programmed
consequences. Each experimental chamber was enclosed in
a sound-attenuating box. The house light was on during S-A
and relapse sessions. Rats were connected to a liquid swivel
with polyethylene-50 tubing protected by a metal spring. In
the food S-A experiments, each lever press resulted in
delivery of a chocolate-flavored pellet (45 mg, Bio-Serve, NJ)
into a food magazine situated between the two levers.

S-A Training and Relapse Procedures

Rats were trained to lever press for cocaine (0.5 mg/kg/
infusion) or saline. Injections were administered as 0.1 ml
boluses. Rats were progressively trained under a fixed-ratio
(FR) 1, FR2 and finally FR3 schedules during long-access
sessions. Schedule progression was dependent on meeting a
criterion (number of infusions per session X30). Rats were
then transferred to daily 90-min sessions. Cocaine infusions
were limited to a maximum of 40 to prevent overdosing.
Rats were trained until a criterion of consistency and
stability was met during the daily 90-min sessions (number
of infusions per session X15 for 5 consecutive days with
o20% variability).

In the experiments involving relapse in the presence of
contextual cues, withdrawal from cocaine S-A was intro-
duced after completion of the training phase. Rats were not
given access to the S-A chambers for 14 days. After
abstinence, rats underwent relapse to drug seeking by
placing them in the S-A context (ie, S-A chamber with the
two levers exposed) for 45 min. Each rat completed three
drug-seeking tests on alternate days. Rats received treat-
ment with RO5203648 (0, 3, 10 mg/kg i.p.) or RO5256390 (0,
3, 10 mg/kg i.p.) 15 min before the relapse test.

In the experiments involving reinstatement of drug
seeking by cocaine priming, after S-A training four separate
groups of rats underwent extinction session during which
lever press was not reinforced (neither by infusions nor the
stimulus light). Daily 90-min extinction sessions were
conducted until a criterion was met during 3 consecutive
days (ie, active lever presses p10% of the average number
of active lever presses maintained during the last five
sessions of cocaine S-A). Rats that did not meet this
criterion after 21 extinction sessions were excluded from
this study. After the extinction phase, rats underwent
reinstatement tests in which reinstatement of drug-seeking
behavior was assessed by giving cocaine (10 mg/kg, i.p.) or
saline before the start of the sessions. To minimize carry
over effects, each rat was tested only twice for reinstate-
ment. Treatments were assigned randomly. To assess the
effects of RO5203648 on drug-induced reinstatement, rats
were divided into three experimental groups receiving a
pretreatment of RO5203648 (0, 3, or 10 mg/kg, i.p.) 15 min
before cocaine or saline injection. In between the two
reinstatement tests, rats underwent daily 90-min extinction
sessions to ensure that active lever presses returned to
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pre-reinstatement levels for 2 consecutive days. The
reinstatement sessions were identical to extinction session
except that they lasted for 3 h. A separate group of rats
responding for saline during the S-A phase (n¼ 5) controlled
for potential nonspecific effects of cocaine on the reinstate-
ment test, and also received the RO5203648 pretreatments.

Progressive-Ratio (PR) Tests

A group of rats (n¼ 9) was trained on cocaine S-A under
FR3 schedule in 90-min daily sessions until they achieved a
stability criterion (number of infusions per session X15 for
3 consecutive days with o20% variability). Each rat was
subjected to three PR tests in which RO5203648 (0, 3, or
10 mg/kg) was administered in counterbalanced manner
15 min before the start of the session. The PR tests were
conducted on 3 different days separated by at least one
standard cocaine S-A session (ie, 90-min FR3 cocaine S-A
session with number of infusions X15). All the rats (except
one) required only one FR3 90-min session in between two
PR tests. The PR sessions lasted for 6 h during which the
number of active lever responses required for each
subsequent infusion increased during the session as follows:
1, 2, 4, 6, 9, 12, 15, 20, etc, following the exponential
equation:

NP nð Þ ¼ 5:e0:2�n
� �

� 5;

with n representing the injection rank (Richardson and
Roberts, 1996). After the first FR1 was achieved, the
breaking point (BP) was defined as the largest ratio
completed before a period lasting 60 min or more during
which no infusions were obtained.

An additional group of rats (n¼ 8) was trained to lever
press for chocolate-flavored pellets on a FR1 schedule in
daily 60-min sessions. Food PR tests were introduced once
the training criterion was met (reinforcers earned X20 for
3 consecutive days). In the PR test, RO5203648 (0, 3,
10 mg/kg, i.p.) was administered 15 min before the start of
the session. The PR session lasted for 6 h and had the same
response requirement as the cocaine PR test. Each rat
received three tests on different days separated by a drug-
free food intake session.

Food S-A

Rats previously trained on cocaine S-A were left undis-
turbed for 2 weeks and were later trained to lever press for
chocolate-flavored pellets. Food deprivation was not
introduced. Once rats meet a criterion for lever presses
(20 food pellets obtained in a 45-min session on 3 conse-
cutive sessions), we evaluated the effects of RO5203648 (0, 3,
10 mg/kg i.p.) and RO5256390 (0, 3, 10 mg/kg i.p.)
administered as pretreatment 15 min before the intake
tests. Each rat underwent three different tests lasting 45 min
(ie, the same duration as the context-relapse tests),
receiving 0, 3, 10 mg/kg i.p. of either compound in
counterbalanced order.

Fast Scan Cyclic Voltammetry (FSCV)

Rats were anesthetized with halothane and decapitated. The
brain was sectioned in cold carboxygenated artificial

cerebrospinal fluid (aCSF) (126 mM NaCl, 2.5 mM KCl,
1.2 mM NaH2PO4, 25 mM NaHCO3, 2.4 mM CaCl2, 11 mM
D-glucose, 1.2 mM MgCl2) on a VT1000S vibrating micro-
tome (Leica Microsystems, Nussloch, Germany) at a
thickness of 300 mm. Coronal slices containing the nucleus
accumbens were allowed to recover for at least 1 h at room
temperature in carboxygenated aCSF. For recordings, slices
were superfused with 32 1C carboxygenated aCSF at a flow
rate of 1 ml/min. Experimental recordings started 20 min
after transfer to the slice chamber. Carbon fiber electrodes
(7 mm, Goodfellow, Huntingdon, England) were made as
previously described (Kawagoe et al, 1993; Kuhr and
Wightman, 1986). They were trimmed to obtain a basal
current between 140 and 180 nA. The electrodes were
inserted B100 mM into the nucleus accumbens slice. The
potential of the working electrode was held at � 0.4 V vs Ag/
AgCl between scan and was ramped to þ 1.3 V at 300 V/s
and back at � 0.4 V every 100 ms via an EVA8 amplifier
(HEKA Elektronik, Germany). Axonal DA release in the
nucleus accumbens was evoked using a twisted bipolar
stimulating electrode (Plastics One, Roanoke, VA). Stimula-
tions were delivered every 2 min by a single electrical pulse
(1 ms, single stimuli) and the pulse amplitude was 400 mA
The stimulus was delivered via a stimulus isolator (AM-
system, Carlsborg, WA). Background-subtracted cyclic
voltammograms were obtained by subtracting the current
obtained before the stimulation from all recordings. The
peak oxidation current for DA in each voltammogram was
converted into a measure of the DA concentration by post-
calibration of the electrode using 1 mM DA (Sigma-Aldrich,
St Louis, MO). The TAAR1 partial agonist RO5203648 was
superfused into slices for 10 min (0.1 mM) and washing
period was 20 min followed by co-application of cocaine
(3 mM, Sigma-Aldrich, Milan, Italy). Data were normalized
to the average value of five recordings (10 min) of their
respective control periods. TarHeel CV (ESA Biosciences,
Chelmsford) was used for DA outflow analysis; Demon
voltammetry and analysis software (Yorgason et al, 2011)
was used for kinetic analysis of DA release and uptake (tau
parameter).

Statistical Analysis

Behavioral data were analyzed by analysis of variance
(ANOVA) with repeated measures when a within-subjects
design was in use, followed by post hoc comparisons with
the method of Newman–Keuls (N-K) using the sampling
error from the overall ANOVA as denominator. FSCV data
were analyzed by one-way ANOVA followed by post hoc
Bonferroni’s multiple comparisons test. Simple two group
comparisons were performed using Student’s t-test where
appropriate. Statistical significance was set at a¼ 0.05 for all
experiments. All statistical analyses were performed using
StatView 5.0 (SAS Institute, NC).

RESULTS

The Partial TAAR1 Agonist, RO5203648, Blocks Context-
Induced Relapse to Cocaine Seeking

We first tested the ability of RO5203648 to attenuate
cocaine seeking after a 2-week period of abstinence from
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cocaine S-A. Rats trained to self-administer cocaine (n¼ 7;
0.5 mg/kg/infusion) on a FR3 schedule of reinforcement
produced a significantly higher number of active lever
presses (po0.01, N-K test; ANOVA F1, 13¼ 116.98,
po0.001) and obtained more cocaine infusions (po0.01,
N-K test; ANOVA F1, 13¼ 207.95, po0.001) than rats
responding for saline (n¼ 8; Figure 1a and inset).

After 2 weeks of abstinence, experimental and control rats
were placed in the S-A chambers, levers were exposed but
cocaine was not available. Rats showed robust relapse to
drug-seeking upon re-exposure to the S-A chambers.
ANOVA revealed significant main effects of drug (cocaine
vs saline, F1, 13¼ 44.78, po0.001), lever (active vs inactive,
F1, 13¼ 25.86, po0.001), and dose of RO5203648
(F2, 26¼ 57.33, po0.001), as well as a significant interaction
between these factors (F2, 26¼ 7.77, po0.002; Figure 1b).
RO5203648 completely blocked context-induced cocaine
seeking. Post hoc comparisons showed significant effects of
both the low (po0.01, N-K test) and the high dose (po0.01,
N-K test) of RO5203648 on active lever presses. There was a
comparatively lower but significant increase in the number
of inactive lever responses made by cocaine-trained rats
during the relapse test. Such an increase was similarly
prevented by RO5203648 at both low (po0.01, N-K test)
and high (po0.01, N-K test) doses.

To control for potential motoric and/or motivational
confounds, we next investigated the effects of RO5203648 on
responding for a natural reinforcer (chocolate-flavored
pellets). To approximate the response rates obtained in

the cocaine relapse test, operant sessions were limited to
40 reinforcements, with rats (n¼ 8) responding on a FR1
schedule. Overall responding was not affected by
RO5203648 at any dose. ANOVA did not reveal any
significant effects of RO5203648 on food-maintained
responding (F2, 14¼ 1.39, p¼ 0.283; Figure 1c). However,
analysis of the time course revealed a significant interaction
with time (F4, 28¼ 6.860, po0.001). Rats treated with the
high dose of RO5203648 obtained a similar amount of food
pellets in the 45-min session but were slower to initiate
responding, earning significantly fewer reinforcers early in
the session (first 15 min) and more later in the session (at
the 30 and 45-min intervals, although differences at these
two time points did not reach statistical significance)
(po0.01 by N-K test; Figure 1d).

The Full TAAR1 Agonist, RO5256390, Suppresses
Context-Induced Relapse to Cocaine Seeking

We tested RO5256390 (0, 3, 10 mg/kg i.p.) under identical
conditions to determine whether or not the effects of full
agonist activation of TAAR1 were similar to those of partial
activation. Rats responding for cocaine (n¼ 8) or saline
(n¼ 6) infusions were trained on a FR3 schedule of
reinforcement until they attained consistent performance.
ANOVA was significant for lever presses (F1, 12¼ 196.61,
po0.001) and reinforcers earned (F1, 12¼ 136.00, po0.001),
and both parameters were significantly increased in rats
receiving cocaine infusions (po0.01, N-K test; Figure 1e).

Figure 1 The partial TAAR1 agonist RO5203648 and the full agonist RO5256390 suppressed context-induced cocaine relapse at doses that spared food-
maintained responding. After consistent cocaine S-A performance (a, e) rats were pretreated with RO5203648 (0, 3, 10 mg/kg i.p.) or with RO5256390 (0, 3,
10 mg/kg i.p.) on three different test sessions run in counterbalanced manner (b, f). Food responding was not affected by RO5203648 pretreatment (c) but the
high dose slightly delayed responding (d). RO5256390 reduced overall food intake (g, h), but only at the high dose. *po0.01, significantly different from control
values (N-K test). **po0.01, significantly different from control values (N-K test). ##po0.01, significantly different from cocaine values (N-K test).
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In the tests of relapse, analysis of active and inactive
lever presses indicated significant main effects of drug
(cocaine vs saline, F1, 12¼ 20.15, po0.001), lever (active vs
inactive, F1, 12¼ 32.73, po0.001), and dose of RO5256390
(F2, 24¼ 33.73, po0.001), as well as a significant interaction
between these factors (F2, 24¼ 13.83, Po0.001; Figure 1f).
RO5256390 dose-dependently blocked cocaine seeking in
the presence of cocaine-associated cues.

RO5256390 produced nonspecific effects at the high, but
not low, dose. The high dose of RO5256390 reduced the
overall number of food reinforcers earned (F2, 14¼ 5.02,
p¼ 0.023; Figure 1g). Response rate was also delayed across
time, but only by the high dose, with reduced number
of reinforcers obtained in the initial 15 min of the session
(po0.01, N-K test; ANOVA F4, 28¼ 15.07, po0.001;
Figure 1h).

RO5203648 Prevents Cocaine-Primed Reinstatement of
Cocaine Seeking

We next tested the ability of RO5203648 (0, 3, 10 mg/kg i.p.)
to attenuate cocaine-primed reinstatement of drug seeking.
Three experimental groups were trained to self-administer
cocaine (n¼ 7–8; 0.5 mg/kg/infusion) on a FR3 schedule of
reinforcement. These three groups responded similarly and
obtained a similar number of infusions in the last 5 days of
cocaine S-A before extinction was introduced. Rats
responding for saline (n¼ 5) showed very low rates of
responding. ANOVA for lever presses during the last five
cocaine S-A sessions revealed a significant effect of drug
(cocaine vs saline, F3, 23¼ 34.56, po0.001), a significant
effect of lever (active vs inactive, F1, 23¼ 390.06, po0.001),
as well as a significant interaction between these factors
(F3, 23¼ 35.83, po0.001; Figure 2a). Mean comparisons
showed a significant difference between the control group
and each of the three experimental groups in the number of
active lever presses (po0.01, N-K tests), but not in the
number of inactive lever presses. ANOVA for the average
number of infusions over the 5 days showed a significant
effect of group (F3, 23¼ 39.32, po0.001), which was due to
the higher number of infusions obtained by the three
cocaine groups compared with the control group (po0.01,
by N-K tests; Figure 2a inset).

During extinction, all but seven rats in the experimental
groups gradually decreased responding on the active lever
and reached the extinction criteria within 21 days. These
seven rats were excluded from further analysis. Responding
on the inactive lever was low throughout and did not
differ between groups. A three-way ANOVA for lever
presses during the last three extinction sessions showed
a significant effect of group (F3, 23¼ 4.74, po0.01), a
significant effect of lever (F1, 23¼ 40.74, po0.001), and a
significant interaction between these factors (F3, 23¼ 5.34,
po0.01). Post hoc comparisons revealed no significant
differences between the three groups previously trained in
cocaine S-A (Figure 2b). After extinction, rats received
RO5203648 (0, 3, or 10 mg/kg, i.p.) followed 15 min after by
cocaine (10 mg/kg, i.p.) or saline injection and were
introduced in the S-A chambers with the levers exposed.
Lever presses were recorded but had no consequences. The
ANOVA calculated for the total number of lever presses in
the reinstatement test showed a significant interaction

between the factors drug (saline versus cocaine, F1, 23¼
18.81, po0.001), lever (active vs inactive, F1, 23¼ 47.69,
po0.001), and dose of RO5203648 (F3, 23¼ 7.62, po0.001),
as well as a significant interaction between these three
factors (F3, 23¼ 4.69, po0.01; Figure 2c). Post hoc compar-
isons showed that cocaine priming induced significantly
higher response rates on the active lever, but not on the
inactive lever, compared with saline treatment (po0.01, by
N-K tests). Reinstatement was dose-dependently attenuated
by RO5203648 at both the low (po0.01) and the high dose
(po0.01, by N-K tests). RO5203648 did not in its own right
(ie, when given before saline) produce renewed drug
seeking at any dose.

For a closer examination of the effects of RO5203648 on
cocaine-induced drug seeking, responses in the reinstate-
ment test were analyzed in 20-min bins (Figure 2d).
ANOVA revealed a significant effect of dose of RO5203648
(F2, 12¼ 6.33, po0.05), a significant effect of cocaine
priming (F1, 12¼ 9.28, po0.05), and a significant effect of
time (F8, 96¼ 8.04, po0.001), as well as a significant three-
way interaction between these factors (F16, 96¼ 5.98,
po0.001). N-K tests showed that cocaine produced
significantly higher number of active lever presses in the
first (po0.01) and the second (po0.01) 20-min bins, and
that this effect was significantly attenuated by RO5203648 at
both the low (po0.01) and the high (po0.01) doses.

RO5203648 Differentially Alters the Reinforcing Efficacy
of Cocaine and Food in a PR Schedule of Reinforcement

A group of rats (n¼ 9) underwent training on cocaine S-A
under a FR3 schedule until they showed consistent
responding. Rats received RO5203648 (0, 3, or 10 mg/kg,
i.p.) 15 min before the PR test. Overall, RO5203648 had no
significant effect on the number of active lever presses made
during the test (F2, 16¼ 1.16, p¼ 0.338) or on the number of
infusions obtained (F2, 16¼ 0.59, p¼ 0.564).

However, the temporal parameters of responding for
cocaine under the PR schedule were markedly altered by
RO5203648 treatment. Active lever presses, cumulative
number of cocaine infusions, and time to reach BP were
analyzed. RO5203648 dose-dependently reduced active lever
pressing in the early phases of the PR session, lengthened
the accumulation of cocaine infusions, and delayed the time
to reach BP. A two-way ANOVA for active lever presses
showed a significant effect of time (F5, 40¼ 13.37, po0.001),
and a significant interaction between treatment and time
(F10, 80¼ 11.08, po0.001). Both doses of RO5203648 pro-
duced a temporal shift to the right in the number of active
lever presses made during the session (Figure 2e).

RO5203648 dose-dependently delayed the time point at
which rats reached each successive cocaine infusion.
ANOVA was calculated for the cumulative number of
infusions obtained by the end of each 1-h bin, revealing a
significant effect of dose of RO5203648 (F2, 16¼ 6.74,
po0.01), and a significant interaction with the factor, time
(with six levels corresponding to each time bin)
(F10, 80¼ 18.72, po0.001; Figure 2f). Rats receiving vehicle
injections rapidly obtained the first 10 infusions (FR¼ 40)
by the end of the first hour bin and achieved BP by the
second hour bin on average. Time to reach BP was signifi-
cantly delayed by RO5203648 (F8, 16¼ 20.31, po0.001).
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Means±SEM were 1.67±0.24 h, 3.56±0.44 h, and
4.56±0.34 h to reach BP for control, low and high doses
of RO5203648, respectively, with both doses of the partial
agonist being significantly different from control values
(po0.01 by N-K tests; Figure 2f).

To compare the motivational effects of RO5203648 on
cocaine and food reinforcement, another group of rats
(n¼ 8) worked for food in the same PR procedure.
RO5203648 significantly increased the number of active
lever presses (F2, 14¼ 15.06, p¼ 0.0003) and the number of
pellets obtained (F2, 14¼ 19.23, po0.0001) in the 6-h test.
Post hoc comparisons showed that responses on the active
lever were significantly increased by RO5203648 at both the
low (po0.05 by N-K tests) and the high dose (po0.01 by
N-K tests) and so was the number of pellets obtained
(po0.01 by N-K tests). Similarly, the BP achieved in the PR
test was significantly increased by RO5203648 (F2, 14¼ 16.89,
p¼ 0.0002) in a dose-dependent manner.

A temporal breakdown of the 6-h test showed that
RO5203648 changed the pattern of response for food. ANOVA
revealed a significant effect of treatment (F2, 14¼ 15.06,
p¼ 0.0003) and time (F5, 35¼ 12.54, po0.0001), as well as
a significant interaction between time and treatment
(F10, 70¼ 7.13, po0.0001). At the low dose, RO5203648
significantly increased response rates at the second time
point and subsequently. At the high dose, RO5203648
significantly reduced response rate during the first time bin

(po0.01 by N-K tests) but significantly increased it at the
third time bin and at subsequent time points.

Correspondingly, the cumulative number of pellets
obtained by the end of each time bin was also altered by
RO5203648. ANOVA yielded a significant effect of treat-
ment (F2, 14¼ 4.85, p¼ 0.025) and time (F5, 35¼ 351.10,
po0.0001), as well as a significant interaction between
these factors (F10, 70¼ 21.23, po0.0001). Both the low and
the high dose of RO5203648 increased the number of pellets
earned compared with the control condition. Means and
SEM for the total number of pellets obtained at the end of
the test were 12.50±0.50, 14.88±0.40, and 16.13±0.83 for
control, low, and high doses of RO5203648, respectively.

RO5203648 Prevents Cocaine-Stimulated DA Overflow
in the Nucleus Accumbens

To further elucidate the role of TAAR1 in regulating DA
transmission and cocaine relapse, we evaluated the ability of
a selective TAAR1 partial agonist RO5203648 to modulate
electrically evoked DA overflow in the nucleus accumbens
after cocaine exposure (Figure 3). Thus, we evaluated
calibrated peak DA concentration for measuring DA release
and DA uptake kinetics from an exponential fit curve using a
least squares constrained exponential fit algorithm (National
Instruments in Demon Voltammetry software, Wake Forest
University Health Sciences, USA) by quantifying Tau

Figure 2 The partial TAAR1 agonist RO5203648 prevents cocaine-primed reinstatement of cocaine seeking and reduces cocaine, but not food,
reinforcing efficacy. Several groups of rats were trained on cocaine S-A (a). This phase was followed by extinction training, which rats completed within 21
sessions (the last three sessions are shown in b). Cocaine treatment (10 mg/kg i.p.) produced strong reinstatement of cocaine seeking (c), which was dose-
dependently attenuated by RO5203648. In a PR schedule of reinforcement, RO5203648 dose-dependently shifted the cocaine response rate curve
rightward (e) and delayed the time to reach BP (f). However, RO5203648 enhanced the reinforcing efficacy of food in the same paradigm (g) *po0.05,
significantly different from control values (N-K test). **Po0.01, significantly different from control values (N-K test). #po0.05, significantly different from
cocaine values (N-K test). ##po0.01, significantly different from cocaine values (N-K test).
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parameter for DA uptake rates. Cocaine (3mM) induced an
expected augmentation in evoked DA outflow, with the
amplitude of the stimulated DA response rising to 183±25%
of predrug values (Figures 3a and b, po0.01 vs predrug
levels). Cocaine is a classical DA transporter inhibitor and
produces predictable and well-defined alterations in DA
uptake (John and Jones, 2007). These changes in uptake
resulted in a protracted time course for DA levels to return
to baseline, which became apparent in the current experi-
ments as an increase in DA half-life values (Figures 3b and c;
186±27% vs predrug levels, po0.05).

After a washing period to restore the basal DA levels,
we then examined the effect of application of RO5203648
(1 mM) on evoked DA outflow. Application of the TAAR1
partial agonist by itself did not affect significantly
DA outflow (107±21%, p40.05, vs predrug values) or tau
measure (106±14% vs predrug levels, p40.05), suggesting
that DA release and uptake are not influenced by
the TAAR1 partial agonist. However, co-application of
RO5203648 with cocaine significantly reduced cocaine-
induced DA efflux (95±9%, po0.05 vs cocaine-induced
levels), without altering the effects of cocaine on tau
measure of DA uptake (Tau; 150±13%, po0.05 vs
predrug levels, po0.05 vs cocaine-induced levels) (Figures
3b and c).

DISCUSSION

The present data provide preclinical evidence supporting
the development of TAAR1 agonists as therapeutic agents
for the treatment of cocaine addiction. We determined that
after protracted withdrawal from chronic cocaine S-A,
treatment with either RO5203648 or RO5256390, partial and
full TAAR1 agonists, respectively, completely prevented
cocaine seeking in the context previously associated with
cocaine taking. Both agonists were highly effective at doses
that did not impair food-maintained responding. Moreover,
after extinction of cocaine S-A, reinstatement of cocaine
seeking by cocaine priming was dose-dependently de-
creased by the TAAR1 partial agonist, RO5203648. In a
PR schedule of reinforcement, RO5203648 induced a dose-

and time-dependent decrease in the ability of cocaine to
sustain responding, markedly delaying the time to reach BP
for cocaine S-A. In the same task, RO5203648 enhanced the
reinforcing efficacy of food. Further, neurochemical mea-
surements of DA overflow in the nucleus accumbens
showed the ability of RO5203648 to reduce cocaine-induced
DA accumulation without significantly altering DA uptake
rates, suggesting that TAAR1 effectively regulates DA and
cocaine’s physiological effects.

Cocaine addiction is a common and costly health problem
worldwide (Karila et al, 2012). Recurrent cycles of abuse,
recovery, and relapse are defining features of cocaine
addiction, thus developing medications that could aid in
recovery and facilitate stable abstinence from cocaine would
be highly beneficial from the medical standpoint. The recent
discovery of a family of receptors sensitive to TAs (Bunzow
et al, 2001; Borowsky et al, 2001) has generated a great deal
of interest in the addiction field, but the clinical utility of
these receptors as a target remains to be elucidated.
Previous data showed that activation of TAAR1 strongly
regulates DA transmission and reduces stimulant-induced
behavioral effects. Evidence for the former came from
genetic and electrophysiological studies. Taar1 knockout
mice exhibited spontaneously elevated firing rate of DA
neurons in the VTA (Lindemann et al, 2008) suggesting that
TAAR1 is tonically active or constitutively activated to
downregulate DA neuron firing frequency. Consistent with
this notion, both the endogenous agonist p-tyramine and
the selective TAAR1 agonists RO5166017 and RO5256390
inhibited the firing rate of midbrain DA neurons
(Lindemann et al, 2008; Revel et al, 2011, 2013). By contrast,
the selective antagonist EPPTB and the TAAR1 partial
agonists RO5203648 and RO5263397 increased the basal
spike frequency of DA neurons (Bradaia et al, 2009; Revel
et al, 2012b, 2013). There is also strong evidence suggesting
that TAAR1 activation can modulate the potentiation of DA
transmission induced by psychomotor stimulants. Mice
lacking taar1 displayed augmented amphetamine-stimu-
lated striatal DA release and amphetamine-elicited loco-
motor activity (Lindemann et al, 2008), while transgenic
mice overexpressing TAAR1 exhibited hyposensitivity to
amphetamine, both neurochemically and behaviorally

Figure 3 RO5203648 reduces cocaine-induced DA outflow from the rat nucleus accumbens slices. (a) DA outflow from rat brain slices monitored by
FSCV in the rat nucleus accumbens slices. The background-subtracted cyclic voltammogram identifies the detected analyte as DA. The color plots represent
the voltammetric currents (encoded in color in the z axis) plotted against the applied potential (y axis) and time (x axis). Representative traces at basal and
cocaine conditions demonstrate the effect of cocaine (3mM) perfusion on DA outflow. Effects of cocaine and RO5203648 on evoked DA outflow (b) and
DA uptake measure tau (c). Application of 3mM cocaine resulted in an expected significant increase in DA outflow and in the tau measure of DA uptake.
After a washing period to restore basal DA levels, application of 1 mM RO5203648 caused no significant effect on DA overflow or tau parameter. However,
co-application of 1mM RO5203648 reduced effect of cocaine (3 mM) on DA outflow without causing significant alterations in effect of cocaine on tau
(*po0.05, **po0.01 vs predrug levels; #po0.05 vs cocaine-induced values; n¼ 5).
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(Revel et al, 2012a). Further evidence of the inhibitory
control of TAAR1 over DA transmission was afforded by
the observation that the selective full and partial agonists,
RO5166017, RO5203648, RO5256390, and RO5263397,
reduced the locomotor- and stereotypy-stimulating effects
of cocaine treatment (Revel et al, 2011, 2012b, 2013).
Moreover, previous studies found that the TAAR1 partial
agonist tested in this study, RO5203648, dose-dependently
reduced cocaine S-A (Revel et al, 2012b). Based on these
findings, we used clinically relevant animal models to
evaluate the ability of TAAR1 agonists to modulate
behaviors associated with cocaine addiction symptomatol-
ogy, specifically relapse, as one of the major obstacles
addicts encounter on the path to recovery.

First, we used a model of context-induced renewal of drug
seeking without prior extinction, which approximates ‘real
life’ situations in which addicts re-experience contexts
associated with past drug-taking behavior (Fuchs et al,
2006; Ferragud et al, 2009). After long-term abstinence,
neither cocaine nor previously contingent cues (eg, the light
paired with cocaine infusions during the S-A phase) were
presented upon lever responding, thus allowing the
dissociation of drug seeking from responding maintained
by cocaine or by explicit conditioned reinforcers. It is
known that exposure to drug-related stimuli induces
elevations in mesolimbic DA transmission, measured with
microdialysis (Fontana et al, 1993), and produces marked
changes in gene expression in the medial prefrontal cortex,
orbitofrontal cortex, dorsal striatum, and nucleus accum-
bens (Hearing et al, 2008a, b). In addition, fast cycling
voltammetry technology revealed rapid surges in DA in the
nucleus accumbens that coincided with the initiation of
drug-seeking behaviors (Phillips et al, 2003). Based on the
aforementioned evidence suggesting a dampening effect of
TAAR1 activation on DA signaling, we predicted that
activating TAAR1 in animals re-exposed to the context
previously associated with cocaine would attenuate cocaine
seeking by reducing contextual cue-elicited DA transmis-
sion. Our current results confirmed this prediction.
Consistent with a decrease in otherwise augmented
contextual cue-elicited DA signaling, the present results
showed that both RO5203648 and RO5256390 significantly
reduced cocaine seeking. Importantly, both compounds
were highly effective at doses that had no significant
influence on a similar lever pressing task maintained by
food, suggesting that the agonists can act within a wide
therapeutic window.

After extinction of cocaine S-A, cocaine seeking can be
precipitated by several stimuli, including re-exposure to
cocaine itself. Strong elevations in DA signaling are
expected to mediate cocaine seeking after cocaine priming
in an extinction-reinstatement model of relapse. There is
agreement that projections from the VTA to the medial
prefrontal cortex may critically mediate cocaine-induced
reinstatement through stimulation of glutamate afferents to
the nucleus accumbens (McFarland et al, 2003; Kalivas
and McFarland, 2003). In addition, DA projections to the
nucleus accumbens itself may have an important role to
play. Infusions of cocaine (Park et al, 2002) or DA (Cornish
and Kalivas, 2000) into the nucleus accumbens reinstated
extinguished cocaine seeking. We directly tested the
hypothesis that TAAR1 activation would prevent cocaine-

primed reinstatement. Following consistent cocaine S-A and
extinction, cocaine-priming produced robust reinstatement
of cocaine seeking, and this effect was dose-dependently
attenuated by RO5203648. Importantly, RO5203648 failed
to reinstate cocaine seeking when administered alone (ie,
followed by vehicle injection instead of cocaine), displaying
therefore a psychopharmacological profile that is unlike
some the psychomotor stimulants and hallucinogenic drugs
that bind nonselectively to TAAR1, including amphetamine
and 3,4-methylenedioxymethamphetamine, which do pro-
duce cross-reinstatement of extinguished cocaine seeking (de
and Stewart, 1981; Schenk et al, 2008). The finding that
TAAR1 agonist treatment reduced both contextual renewal of
drug seeking and cocaine-primed reinstatement is important
because the neural substrates mediating such behaviors
overlap only partially (Fuchs et al, 2006; Kalivas, 2008).

Furthermore, the current results using a PR schedule of
reinforcement are consistent with previous data indicating
that partial TAAR1 activation blocks cocaine S-A (Revel
et al, 2012b). The present data additionally suggest that the
partial agonist is likely to make cocaine less reinforcing,
which is yet another desirable feature for a pharmacological
agent to have if it is designed as a therapeutic approach
for cocaine addiction. In addition, in the same PR para-
digm, RO5203648 increased response rates and elevated the
BP for food pellets, suggesting that cocaine taking and food
reinforcement are mediated by different mechanisms in the
brain and that TAAR1 treatment targets cocaine-related
behaviors specifically.

Cocaine is known to increase extracellular concentration
of DA in the nucleus accumbens primarily by blocking re-
uptake of physiologically released DA (Greco and Garris,
2003). We used fast cycling voltammetry in slices through
the nucleus accumbens to assess the ability of RO5203648
to modulate cocaine-stimulated DA transmission. As pre-
dicted, RO5203648 diminished cocaine-induced DA overflow
in the nucleus accumbens. However, RO5203648 did not
significantly affect the tau measure of DA uptake in the
presence of cocaine, thus suggesting that TAAR1 regulation
of cocaine’s effects on DA levels is likely to be independent
of direct actions on the DAT. Among possible mechanisms
for such modulation, known interactions with DA auto-
receptors, which may be regulated by TAAR1 in opposing
manner (Espinoza et al, 2011; Ledonne et al, 2010), or
indirect actions of TAAR1 at the DAT (Xie et al, 2007; Xie
and Miller, 2007), may be primarily considered. As the DA
uptake blocking activity of cocaine seems not to be affected
by RO5203648 pretreatment, it is likely that TAAR1
activation causes a decrease in DA release kinetics resulting
in less accumulation of extracellular DA resulting from
blockade of the DAT by cocaine. It is noteworthy that while
in the present experiments RO5203648 did not stimulate DA
overflow in the nucleus accumbens when administered
alone, previous evidence indicated that RO5203648 is able to
enhance the firing rate of midbrain DA neurons under
specific conditions (Revel et al, 2012b). These effects
highlight the remarkable neuromodulatory properties of
TAAR1 and suggest that its actions may be beneficial during
critical phases of the addiction cycle, including not only
when DA levels increase during intoxication but also when
abstinence and altered DA function may drive anhedonia
and craving (Koob and Le, 2001; Melis et al, 2005).
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In summary, the present data demonstrate a strong ability
of TAAR1 agonists to prevent cocaine-related behaviors of
evident clinical relevance, including cocaine seeking after
abstinence in the presence of cocaine-associated cues and
cocaine-primed reinstatement of cocaine seeking following
extinction of cocaine S-A. These finding strongly support
the development of TAAR1 agonists as candidate medica-
tions for cocaine addiction.
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