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Role of trace amine-associated receptor 1 in nicotine’s
behavioral and neurochemical effects
Jian-Feng Liu 1,2, Robert SeamanJr.1, Justin N. Siemian1, Rohan Bhimani3, Bernard Johnson1, Yanan Zhang4, Qing Zhu1,2,
Marius C. Hoener 5, Jinwoo Park3, David M. Dietz 1 and Jun-Xu Li1

Nicotine addiction and abuse remains a global health issue. To date, the fundamental neurobiological mechanism of nicotine
addiction remains incompletely understood. Trace amine-associated receptor 1 (TAAR1) is thought to directly modulate
dopaminergic system and are thought to be a neural substrate underlying addictive-like behaviors. We aimed to investigate the
role of TAAR1 in nicotine addictive-like behaviors. TAAR1 expression after nicotine treatment was evaluated by western blotting.
c-Fos immunofluorescence and in vivo fast-scan cyclic voltammetry were used to examine the activation of brain regions and
dopamine release, respectively. We then thoroughly and systematically examined the role of TAAR1 in mediating nicotine-induced
sensitization, nicotine discrimination, nicotine self-administration, nicotine demand curve, and the reinstatement of nicotine-
seeking. Local pharmacological manipulation was conducted to determine the role of TAAR1 in the nucleus accumbens (NAcs) in
the reinstatement of nicotine-seeking. We found that the expression of TAAR1 protein was selectively downregulated in the NAc,
with no change in either dorsal striatum or prefrontal cortex. TAAR1 activation was sufficient to block nicotine-induced c-Fos
expression in the NAc, while also reducing nicotine-induced dopamine release in the NAc. Systemic administration of TAAR1
agonists attenuated the expression and development of nicotine-induced sensitization, nicotine self-administration, the
reinstatement of nicotine-seeking, and increased the elasticity of nicotine demand curve, while intra-NAc infusions of a TAAR1
agonist was sufficient to attenuate nicotine reinstatement. Moreover, TAAR1-knockout rats showed augmented cue-induced and
drug-induced reinstatement of nicotine-seeking. These results indicated that modulation of TAAR1 activity regulates nicotine
addictive-like behaviors and TAAR1 represents a novel target towards the treatment of nicotine addiction.
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INTRODUCTION
Tobacco use remains a serious global health threat, leading to
nearly six million deaths per year [1]. Although there are several
Food Drug Administration-approved medications available in
helping smoking cessation, the therapeutic efficacy is limited
and the relapse rate is high. The primary addictive agent in
tobacco is nicotine, which induces psychostimulation and
rewarding effects [2]. The psychopharmacological effects of
nicotine are due to its binding to the nicotinic acetylcholine
receptors within the central nervous system, especially in the
mesocorticolimbic system to modulate dopamine (DA) transmis-
sion [3]. Therefore, modulators of the mesocorticolimbic DA
system could be promising pharmaceutical candidates to treat
nicotine addiction.
Nicotine regulates DA transmission through a complex mechan-

ism [4, 5]. Nicotine enhances the firing rate and the phasic bursts
of the dopaminergic neurons in the ventral tegmental area (VTA)
and increases DA release in the dopaminergic projecting areas.
Nicotine also locally regulates the dopamine transmission in the
nucleus accumbens (NAcs) [6, 7]. VTA also receives glutamatergic
projections from prefrontal cortex (PFC), which controls the
function of DA neurons in the VTA and dopamine release. Neural

adaptations after nicotine exposure in these brain regions
contributes to nicotine addiction.
Trace amine-associated receptor 1 (TAAR1), a G protein-coupled

receptor, has been shown to modulate the activity of the
dopamine system [8]. TAAR1 is broadly expressed within the
mesocorticolimbic system, including the VTA, NAc, and PFC [9].
Ligands of TAAR1 includes endogenous trace amines and
amphetamine-like stimulants [8]. Interestingly, modulation of the
TAAR1 system demonstrated a role in the regulation of the effects
of drugs of abuse such as amphetamine as well as cocaine, which
is not a ligand of TAAR1 [8, 10–13]. However, it is unknown
whether TAAR1 could mediate the synaptic plasticity changes and
behavioral effects induced by drugs that act on other neuro-
transmitter systems in the brain such as the acetylcholine system.
To the best of our knowledge, no study has investigated the role
of TAAR1 in nicotine addiction thus far.

MATERIALS AND METHODS
All experimental procedures were approved by the Institutional
Animal Care and Use Committee, University at Buffalo, the State
University of New York, and with the 2011 Guide for the Care and
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Use of Laboratory Animals (Institute of Laboratory Animal
Resources on Life Sciences, National Research Council, National
Academy of Sciences, Washington, DC, USA). Please see Methods
and materials in Supplement 1 for full experimental details.

Animals
Adult male Sprague–Dawley rats (initial weight 250–280 g; Harlan,
Indianapolis, IN, USA) were housed individually on a 12/12-h light/
dark cycle with free access to water and food except during some
experimental sessions. Breeding pairs of TAAR1-knockout (TAAR1-
KO) rats of Wistar background were gifted by Roche Pharmaceu-
ticals [14]. All TAAR1-KO and wild-type (WT) littermates were
obtained from heterozygous mating, and genotyping was
performed in all individuals.

Drugs
Drugs included nicotine tartrate (MP Biomedicals, LLC, Solon, OH,
USA), RO5263397 and RO5166017 (synthesized at Research
Triangle Institute, purity >98%). Except for the higher dose of
RO5263397 (16.7 mg/kg, intraperitoneally (i.p.)) that was used in
the nicotine discrimination paradigm, all doses of RO5166017 and
RO5263397 (3.2, 5.6, and 10mg/kg, i.p.) were selected based on
our previous findings [11, 13, 15]. Nicotine tartrate was dissolved
in 0.9% physiological saline, and the pH was adjusted to 7.2–7.4
prior to injection. All of nicotine doses in mg/kg in the study
represented nicotine base.

Nicotine behavioral sensitization
Nicotine dose–effect curve was determined during each tests on
days 1, 8, and 15 [13]. The rats received nicotine treatment on days
2–7 (1.0 mg/kg, i.p.) followed by 6 days of abstinence in home
cages. In the expression experiment, RO5263397 (3.2 and 10mg/
kg, i.p.) was given 20min before test on day 15. In the
development experiment, RO5263397 (3.2 and 10mg/kg, i.p.)
was given 20min before test/nicotine treatment on days 1– 7.

Nicotine discrimination
Nicotine discrimination was performed in two-lever operant
chambers (Coulbourn Instruments Inc., Allentown, PA, USA) as
described previously [16]. Rats were trained to discriminate
nicotine (0.4 mg/kg, i.p.) from saline. To verify the validity and
pharmacological specificity of our discrimination procedure, we
used the noncompetitive antagonist mecamylamine as a positive
control, which showed consistent inhibitory effects on the
discriminative stimulus effects of nicotine in the previous studies
[17, 18]. Vehicle, RO5263397 (3.2, 10, and 17.8 mg/kg, i.p.), or
mecamylamine (0.1, 0.32, and 1.0 mg/kg, i.p.) were given 10min
before tests.

Catheterization and stereotaxic surgeries
Rats were anesthetized with ketamine and xylazine (75 and 5mg/
kg, respectively, i.p.) and implanted with chronic indwelling
jugular catheters as previously described [11, 13, 19, 20]. In the
microinjection experiments, rats also received stereotaxic surgery
[21–23]. Coordinate for cannulae: (angle, 10°; anterior–posterior
(AP) +1.7 mm; mediolateral (ML) ±2.2 mm; dorsoventral (DV) −5.7
mm) [24]. Catheters were flushed daily with 0.2 ml solution of
enrofloxacin (4 mg/ml) mixed in a heparinized saline solution (50
IU/ml in 0.9% sterile saline) to preserve catheter patency.

Nicotine self-administration
One week after surgery, rats began nicotine self-administration
(0.03 mg/kg per infusion, 1 h/session per day). The response
requirement was gradually increased from FR 1 to FR 3.

Nicotine-intake procedure
Different doses of nicotine (0.003, 0.01, and 0.1 mg/kg per
infusion) were substituted for the maintenance dose of nicotine.

Vehicle, RO5166017 (5.6 mg/kg and 10mg/kg, i.p.), or RO5263397
(3.2 and 5.6 mg/kg, i.p.) were administered 10min before the
sessions.

Nicotine intake demand curve assessment
Behavioral economic demand curve assessment was performed
according to our previous description [13]. The nicotine self-
administration behavior was maintained under the progressive-
ratio (PR) schedule using the series 1, 2, 4, 6, 9, 12, 15, 20, 25, …,
derived from the formula: response ratio (rounded to nearest
integer)= [5e(injection number×0.2)]−5 [25]. Vehicle or RO5263397
(5.6 mg/kg, i.p.) was administered 10min before test sessions.

Reinstatement of nicotine-seeking behavior
Following self-administration, rats were given six daily extinction
sessions. Cue-induced reinstatement was tested 24 h after
extinction. Rats then underwent re-extinction. Drug (0.3 mg/kg
nicotine, subcutaneously (s.c.))-induced reinstatement was tested
24 h after re-extinction [26, 27]. RO5166017 (10 mg/kg, i.p.) or
vehicle was administered 10min before tests.

Intracranial injections followed by behavioral tests
RO5166017 (10 μg/1 μl per side) was microinjected into the NAc
immediately before injecting the priming dose of nicotine (0.32
mg/kg, s.c.) followed by reinstatement test. Two days later, rats
were microinjected with RO5166017 10min before locomotion
test.

Western blotting and immunofluorescent staining
Western blotting and immunofluorescent staining were based on
our previous studies with some modifications [21, 28, 29]. Primary
antibodies used were as follows: anti-TAAR1 (1:500; Roche) or anti-
GAPDH (1:2,000; CST, Boston, MA, USA), anti-c-Fos (1:500; Abcam,
Cambridge, MA, USA) and either anti-NeuN (1:1,000; Millipore,
Billerica, MA, USA), anti-GFAP (1:500; Millipore), or anti-IBA1 (1:500;
Wako). The validity and selectivity of TAAR1 antibody was
examined by Roche in the previous study [30]. This antibody
was also used in another recent study [31]. Western blotting band
intensities and GFAP intensity was analyzed by Image J (National
Institutes of Health, Bethesda, MD, UA). The number of c-Fos-
positive, NeuN-positive, and IBA1-positive cells, and activated
microglia in these brain regions was counted manually (14). All
image acquisition and analyses were conducted by investigators
blind to the experimental conditions.

In vivo fast-scan cyclic voltammetry
Rats were anesthetized with urethane (1.5 g/kg) and placed in a
stereotaxic frame for implantation of a Ag/AgCl reference
electrode, a carbon-fiber microelectrode (NAc core: AP 1.2 mm;
ML 1.3 mm; DV ~−7.5 mm), and a stimulating electrode [32, 33]. A
bipolar stimulating electrode (Plastics One, Roanoke, VA, USA)
positioned above the VTA (AP −5.2 mm; ML 1.0 mm; DV ~−8.0
mm) [34]. [DA]max is the maximally evoked catecholamine
concentration and t1/2 is the time for [DA]max to decay to half of
the maximum [34]. For detailed experimental procedures please
see Supplemental methods.

Data analysis
All results were presented as mean ± SEM. In behavioral economic
analysis, best-fitting functions using the exponential demand
model were fitted to the averaged group data on log–log
coordinates [13, 35]. All other behavioral data and immunofluor-
escent staining data were analyzed by two-way repeated-
measures analysis of variance (ANOVA) followed by post hoc
Bonferroni’s test. Western blotting results were analyzed by two-
tailed ttest. Fast-scan cyclic voltammetry (FSCV) data were
analyzed by one-way ANOVA followed by t test. P < 0.05 was
considered statistically significant.
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RESULTS
TAAR1 is selectively downregulated in the NAc after nicotine
treatment
We first assessed whether TAAR1 was changed by chronic nicotine
treatment. We found that the protein level of TAAR1 in the NAc
was significantly downregulated by nicotine (t13= 2.39, p < 0.05;
Fig. 1a). Interestingly, TAAR1 expression was unchanged in the
dorsal part of striatum/caudate putamen (t13= 0.29, p > 0.05;
Fig. 1b) or PFC (t11= 0.72, p > 0.05; Fig. 1c), demonstrating that
nicotine-induced changes in TAAR1 expression are specifically
localized to the NAc.

Activation of TAAR1 attenuated nicotine-induced c-Fos expression
in the NAc
To assess whether TAAR1 is involved in the neurobiological
actions of nicotine, we examined the effects of TAAR1 activation
on nicotine-induced protein expression of c-fos, an immediate-
early gene marker of neuronal activation. TAAR1 agonist
RO5166017 (10 mg/kg, i.p.) was administered before behavioral
test. Two-way ANOVA showed significant main effect of nicotine
(F1,19= 64.66, p < 0.001), RO5166017 (F1,19= 5.30, p < 0.05) and an
interaction of nicotine × RO5166017 (F1,19= 10.72, p < 0.01). Post
hocanalysis indicated that TAAR1 activation significantly
decreased nicotine-induced hyperactivity (t19= 4.04, p < 0.01),
but had no effect on saline-treated rats (t19= 0.67, p > 0.05;
Fig. 1d). In the c-Fos expression in the NAc, two-way ANOVA
analysis showed significant main effects of nicotine (F1,19= 5.15, p
< 0.05), RO5166017 (F1,19= 8.39, p < 0.01), and an interaction of
nicotine × RO5166017 (F1,19= 6.60, p < 0.05). Post hoc analysis
indicated that nicotine significantly increased c-Fos expression in
the NAc (t19= 3.34, p < 0.01), which was prevented by TAAR1
activation (t19= 3.28, p < 0.01). No difference was found in the c-
Fos expression in the PFC (main effect of nicotine: F1,19= 0.01, p >
0.05; main effect of RO5166017: F1,19= 0.71, p > 0.05; Fig. 1e, f).
Furthermore, TAAR1 activation had no effect on the expression of
the neural marker NeuN, astrocytes marker GFAP, or microglia
marker IBA1 (Supplementary Figure S1). These results indicate that
TAAR1 in the NAc functionally regulates the biological effects of
nicotine.

Activation of TAAR1 reduced nicotine-induced dopamine release
in the NAc
Given the hypothesis that TAAR1 modulates the dopaminergic
system, we then used in vivo FSCV to study the role of TAAR1 in
the effects of nicotine on dopamine release in the NAc evoked by
electrical stimulation of the VTA. The color plots showed the
evoked signals which are due to dopamine oxidation at ~0.65 V
(dotted white line; Fig. 2a). The dopamine signal increased rapidly
during electrical stimulation (20 Hz, 60 pulses), and nicotine (0.32
mg/kg, i.p.) resulted in a transient increase in evoked dopamine
release in the NAc (Fig. 2b; Supplementary Figure S2a). One-way
ANOVA was conducted to analyze the nicotine-induced maximal
dopamine release (DA[max]) after vehicle or TAAR1 agonist
RO5166017 (10 mg/kg, i.p.), indicating a significant effect (F3,17
= 52.28, p < 0.001). Follow-up t test showed that nicotine
significantly increased electrically evoked dopamine release
compared to vehicle (t6= 5.74, p < 0.001), which was decreased
by TAAR1 activation (t7= 7.93, p < 0.001). Interestingly,
RO5166017 alone significantly reduced dopamine release (t7=
6.32, p < 0.001; Fig. 2c), but had no effect on the half-life (t1/2) of
dopamine (Supplementary Figure S2b). These data suggest that
TAAR1 activation mediates nicotine-induced dopamine release in
the NAc.

TAAR1 activation attenuated the expression and development of
nicotine-induced behavioral sensitization
We then examined the effects of TAAR1 activation on a series of
abuse-related behaviors of nicotine. We first tested the effects of

the TAAR1 partial agonist RO5263397 on nicotine-induced
sensitization. After repeated treatment, rats were sensitized to
nicotine (F2,96= 23.56, p < 0.001; vehicle group in Fig. 3a). In the
expression of nicotine-induced sensitization experiment, all
groups of rats showed similar nicotine dose–effect curves during
tests on day 1 (F2,26= 1.87, p > 0.05) and day 8 (F2,26= 0.02, p >
0.05). In the expression test (day 15), RO5263397 dose-
dependently reduced the dose–effect curve of nicotine (F2,26=
7.67, p < 0.01). Post hoc analysis indicated that 10 mg/kg
RO5263397 decreased the response to nicotine at doses of
0.32–1.0 mg/kg (all p < 0.05; Fig. 3a).
In the development of nicotine-induced sensitization experi-

ment, RO5263397 was administered from day 1 to day 7 (Fig. 3b).
We found that RO5263397 attenuated the effect of acute nicotine-
induced hyperactivity on day 1 (F2,24= 4.96, p < 0.05). The nicotine
dose–effect curve on day 8 was reduced (F2,24= 5.14, p= 0.01;
Fig. 3b middle panel). After abstinence (day 15), rats that were
treated with 10mg/kg RO5263397 remained demonstrating a
lower level of nicotine-induced hyperactivity (F2,24= 2.92, p=
0.07; t17= 3.11, p < 0.01; Fig. 3b). Our previous result showed that
RO5263397 (1–10mg/kg) alone had no effect on locomotion [36].
These data indicated that TAAR1 activation decreased the
expression and development of nicotine-induced behavioral
sensitization.

TAAR1 activation attenuated the discriminative stimulus effects of
nicotine
The subjective effects of psychostimulants such as nicotine are
one of the important facets that contribute to drug addiction [37].
To this end, we examined whether TAAR1 agonist could attenuate
the discriminative stimulus effects of nicotine. Rats were trained to
discriminate between nicotine from saline (Fig. 3c, d). Two-way
ANOVA analysis showed significant main effects of nicotine (F3,84
= 43.38, p < 0.001), TAAR1 agonist RO5263397 (F3,28= 7.69, p <
0.001), and nicotine × RO5263397 interaction (F9,84= 2.296, p <
0.05). RO5263397 also dose-dependently affected the response
rate (F3,28= 18.39, p < 0.001). Post hoc analysis indicated that
RO5263397 at the dose of 10mg/kg significantly reduced the
discriminative stimulus effect of nicotine (t28= 3.47, p < 0.01;
Fig. 3c, left) without affecting the response rate (t28= 2.45, p >
0.05; Fig. 3d, left). As expected, the nicotinic receptor antagonist
mecamylamine also attenuated the discriminative effects of
nicotine (F3,28= 13.44, p < 0.001; Fig. 3c, left) without affecting
the response rate (F3,28= 0.26, p= 0.85; Fig. 3d, right). These
results indicated that TAAR1 activation attenuated the subjective
effects of nicotine.

TAAR1 activation reduced nicotine self-administration
Next, we tested the role of TAAR1 on nicotine self-administration.
Inverted U-shaped dose–effect curves of nicotine were established
(Fig. 3e; Supplementary Figure S3a)). Two-way repeated-measures
ANOVA was conducted to analyze the effects of TAAR1 agonists
on nicotine self-administration, indicating significant main effects
of the TAAR1 agonist RO5166107 (F2,56= 24.13, p < 0.001; Fig. 3e,
left) and the TAAR1 agonist RO5263397 (F2,54= 41.25, p < 0.001;
Fig. 3e, right). Post hoc analysis showed that both TAAR1 agonists
dose-dependently decreased the number of nicotine infusions (p
< 0.05) and total nicotine consumption (Supplementary Figure S3c,
d). These results indicated that TAAR1 activation attenuated
nicotine self-administration.

TAAR1 activation increased the elasticity of nicotine demand curve
We then used an economic demand curve analysis to evaluate the
role of TAAR1 in the ability of nicotine to maintain responding at
progressively higher prices. Rats underwent nicotine self-
administration under a PR (Supplementary Figure S3b). TAAR1
agonist RO5263397 significantly shifted the nicotine demand
curve downward (p < 0.001; Fig. 3f, left). The estimated nicotine
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consumption when the price was 0 (Ǫ0) was significantly reduced
by RO5263397 (injections: 15.87 ± 2.74 vs. 5.11 ± 1.34; p < 0.05).
RO5263397 increased the α-value of the nicotine demand
curve (0.003589 ± 0.0006029 vs. 0.001113 ± 0.0001264; p < 0.05).

Furthermore, curve-fitting analysis of the data from individual
subjects revealed that the Ǫ0 was significantly reduced by
RO5263397 (t15= 2.62, p < 0.05; Fig. 3f, middle). A significant
increase in the essential value (α) of nicotine (t15= 2.70, p < 0.05;

Fig. 1 Effects of nicotine treatment on TAAR1 expression, and effects of TAAR1 activation on nicotine-induced c-Fos expression. a–c Nicotine
exposure significantly reduced the level of TAAR1 protein in the NAc (n= 7–8 per group), but not in the CPU (n= 7–8 per group) or the PFC (n
= 6–7 per group). d TAAR1 agonist RO5166017 attenuated nicotine-induced behavioral sensitization. e TAAR1 agonist RO5166017 reduced
nicotine-induced increase in the number of c-Fos-positive cells in the NAc. No difference among all groups was found in the PFC. f
Representative images of c-Fos staining. AC anterior commissure. Data are expressed as mean ± SEM; *p < 0.05, ***p < 0.001, compared with
saline or saline-vehicle group; #p < 0.05, ##p < 0.01, compared with nicotine-vehicle group. Saline-vehicle, n= 5; other groups, n= 6 per group
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Fig. 3f, right) was also revealed, suggesting that the nicotine
demand curve was more elastic in the presence of RO5263397. A
more elastic demand curve indicates that the commodity is less
essential and the consumption decreases more quickly with price
increase. These data indicated that TAAR1 activation increased the
elasticity of nicotine demand curve.

TAAR1 activation suppressed the reinstatement of nicotine-
seeking behavior
We then tested whether TAAR1 was involved in the reinstatement
of nicotine-seeking behavior, a model of drug relapse [26, 27]. Rats
underwent nicotine self-administration and extinction (Fig. 4a, b).
No difference was found between the two groups of rats that self-
administered nicotine during training or extinction (Supplemen-
tary Figure S4a, b). Two-way repeated-measures ANOVA analyzed
the cue-induced reinstatement data, indicating significant main
effects of Test (F1,22= 22.73, p < 0.001) and Group (F2,22= 6.034, p
< 0.01), and an interaction of Test × Group (F2,22= 6.146,
p < 0.01). Post hoc analysis showed that TAAR1 agonist
RO5166017 significantly reduced the cue-induced reinstatement
of nicotine-seeking (t16= 3.87, p < 0.001; Fig. 4c). Rats were then
re-extinguished and underwent drug-induced reinstatement test.
Two-way repeated-measures ANOVA showed significant main
effects of Test (F1,22= 16.56, p < 0.001) and Group (F2,22= 11.13, p
< 0.001), and an interaction of Test × Group (F2,22= 7.302, p <

0.01). RO5166017 significantly attenuated drug-induced reinstate-
ment of nicotine-seeking (t16= 5.41, p < 0.001; Fig. 4d). TAAR1
activation did not affect the inactive lever presses (Supplementary
Figure S4c-f). These results indicated that TAAR1 activation
reduced cue-induced and drug-induced reinstatement of
nicotine-seeking behaviors.
We then tested the effect of TAAR1 activation on nicotine-

induced hypothermia, a non-abuse-related behavioral effect of
nicotine. TAAR1 agonist RO5263397 at a dose of 3.2 mg/kg had no
effect on nicotine-induced hypothermia. A higher dose of
RO5263397 (10 mg/kg) alone significantly reduced the body
temperature and also shifted the nicotine-induced hypothermia
dose–effect curve downward, possibly due to a simple additive
effect (Supplementary Figure S5). Taken together, these results
indicated that TAAR1 agonists specifically attenuate abuse-related
effects of nicotine.

Knockout of TAAR1 augmented the reinstatement of nicotine-
seeking
To test whether endogenous TAAR1 is involved in nicotine-related
behaviors, we compared the reinstatement of nicotine-seeking
behaviors between TAAR1-KO rats and their WT littermates. Two-
way ANOVA analysis did not found difference between two
genotypes of rats during self-administration (main effect of
genotype: F1,44= 0.08, p > 0.05) or extinction (F1,44= 0.02, p >

Fig. 2 TAAR1 activation reduced nicotine-induced dopamine release in the NAc. a Representative color plots of electrically evoked dopamine.
Data are presented as 5 s before and 10 s after electrical stimulation. Dopamine concentration changes are apparent in the color plots for their
oxidation (~0.65 V, indicated by dotted white line) and reduction (~−0.29 V, indicated by solid white line) potentials. b Representative
concentration vs. time traces of dopamine release evoked by electrical stimulation of the VTA (20 Hz, 60 pulses, 300 µA). c TAAR1 agonist
RO5166017 reduced dopamine release and prevented nicotine-induced dopamine release in the NAc. [DA]max maximal dopamine level. Data
are expressed as mean ± SEM; ***p < 0.001, compared with saline-vehicle group; ###p < 0.01, compared with nicotine group. Vehicle and
nicotine groups, n= 4; RO and RO+ nicotine groups, n= 5
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0.05; Fig. 4e). For the cue-induced reinstatement test, two-way
ANOVA showed significant main effects of lever (F1,11= 59.46,
p < 0.001) and genotype (F1,11= 8.41, p < 0.05; Fig. 4f). For the
drug-induced reinstatement test, two-way ANOVA also showed
significant main effects of lever (F1,11= 79.78, p < 0.001) and

genotype (F1,11= 5.59, p < 0.05), and an interaction of lever ×
genotype (F1,11= 5.85, p < 0.05; Fig. 4g). Post hoc analysis
indicated that the TAAR1-KO rats showed significant higher
responses during the reinstatement of nicotine-seeking (Cue-
induced: t20= 3.03, p < 0.05; Drug-induced: t20= 3.33, p < 0.01)

Fig. 3 Effects of TAAR1 activation on nicotine-induced behavioral sensitization, nicotine discrimination, nicotine self-administration, and
nicotine demand curve. a TAAR1 agonist RO5263397 reduced the expression of nicotine-induced sensitization (vehicle, n= 9; 3.2 and 10 RO, n
= 10 per group). b TAAR1 agonist RO5263397 attenuated acute nicotine-induced hyperactivity and the development of nicotine-induced
sensitization (vehicle, n= 8; 3.2 RO, n= 9; 10 RO, n= 10). c TAAR1 agonist RO5263397 and nicotinic receptor antagonist mecamylamine dose-
dependently attenuated the average percentage of responding on the nicotine-appropriate lever (n= 8 per group). d TAAR1 agonist
RO5263397 only at the dose of 17.8 mg/kg decreased rates of responding. Mecamylamine had no effect on rates of responding. e TAAR1
agonist RO5166017 and RO5263397 dose-dependently reduced nicotine self-administration (saline rats, n= 6; nicotine rats, n= 9). f TAAR1
agonist RO5263397 shifted the nicotine demand curve downward, reduced estimate of consumption at zero price (Ǫ0), and increased the
essential value (α) of nicotine (n= 9). Symbols above “V” represent vehicle. Data are expressed as mean ± SEM; *p < 0.05, **p < 0.01, ***p <
0.001, compared with vehicle
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compared to WT littermates (Fig. 4f,g). These results indicated that
knockout of TAAR1 enhanced the reinstatement of nicotine-
seeking behavior.

Activation of TAAR1 in the NAc reduced the reinstatement of
nicotine-seeking
We then examined the role of TAAR1 in the NAc in the
reinstatement of nicotine-seeking. Rats underwent nicotine self-
administration and extinction. No difference was found between
two groups of rats during self-administration (F1,20= 0.63, p > 0.05;
Fig. 5a). During extinction, two-way ANOVA showed a significant
main effect of extinction (F5,100= 32.86, p < 0.001) but no
difference between two groups (F1,20= 1.07, p > 0.05; Fig. 5b).
The TAAR1 agonist RO5166017 was microinjected into the NAc
before the reinstatement test (Fig. 5e). Two-way ANOVA showed
significant main effects of lever (F1,20= 70.04, p < 0.001) and
RO5166017 (F1,20= 6.44, p < 0.05), and an interaction of lever ×
RO5166017 (F1,20= 5.88, p < 0.05). Post hoc analysis indicated that
TAAR1 activation in the NAc significantly reduced the reinstate-
ment of nicotine-seeking (t20= 2.49, p < 0.05; Fig. 5c). Moreover,
RO5166017 had no effect on the locomotor activity (F1,20= 0.01,
p > 0.05; Fig. 5d). Taken together, these results indicated that the
TAAR1 in the NAc played a critical role in the reinstatement of
nicotine-seeking.

DISCUSSION
Taken together, our data here presents a compelling case for
TARR1 as an essential regulator of the neurobiological and
behavioral consequence of nicotine exposure and addictive-like
behaviors. Our findings demonstrate that nicotine exposure
regulates TAAR1 expression and through the use of selective
pharmacological tools, TAAR1 governs nicotine-induced beha-
vioral plasticity.

TAAR1 regulates nicotine behavioral effects by modulating
dopamine release in the NAcs
TAAR1 is expressed widely in the brain, especially in the
monoamine systems [9]. Our present study showed that TAAR1
was selectively downregulated in the NAc but not dorsal striatum
or the PFC after exposure to nicotine. Importantly, TAAR1
activation attenuated nicotine-induced c-Fos expression in the
NAc. Astrocytes could contribute to drug addiction by modulating
glutamate homeostasis in the synapse cleft to protect neurons
from excitotoxicity [38]. However, our present results showed that
TAAR1 activation had no effect on the expression of GFAP in the
NAc or PFC. These results indicated that TAAR1 in the NAc, which
acts primarily on neurons, is critical for nicotine behavioral effects.
Most studies that suggested the role of TAAR1 in DA

transmission were from ex vivo FSCV experiments. It has been

Fig. 4 Role of TAAR1 in cue-induced and drug-induced reinstatement of nicotine-seeking. a Timeline for this experiment. b Rats that self-
administered nicotine (n= 9 per group) consistently responded more in the active lever compared to rats in the saline group (n= 7).
Successful extinction was achieved after six sessions of extinction. c TAAR1 agonist RO5166017 attenuated cue-induced reinstatement of
nicotine-seeking. d TAAR1 agonist RO5166017 decreased priming-induced reinstatement of nicotine-seeking. e No difference was found
during nicotine self-administration or extinction between WT and TAAR1-KO rats (n= 6–7 per group). f TAAR1-KO rats showed higher
responses during cue-induced reinstatement of nicotine-seeking. g TAAR1-KO rats showed higher responses during nicotine priming-induced
reinstatement of nicotine-seeking. Data are expressed as mean ± SEM; *p < 0.05, ***p < 0.001, compared with saline-vehicle group or WT
group; ###p < 0.001, compared with nicotine-saline group. WT wild type, KO knockout.
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shown that DA level was increased in the NAc but not the dorsal
striatum in TAAR1−/− mice [39]. TAAR1 agonists blocked
methamphetamine-induced and cocaine-induced DA overflow in
the NAc [10, 12, 40]. Although those experiments provided
important understanding of the role of TAAR1 in modulating DA
transmission, they do not necessarily reflect true in vivo situations
where the microenvironment is much more complex—nor do any
of the previous studies examine TAAR1’s role in the modulation of
dopamine following nicotine administration. In the present study,
using the in vivo FSCV technique allowed us to demonstrate that
the TAAR1 full agonist RO5166017, at the same dose that showed
inhibitory effects on nicotine-related behaviors, prevented
nicotine-induced DA overflow in the NAc. Our results showed
that RO5166017 alone decreased the evoked dopamine release,
suggesting the prevention on nicotine-induced DA transmission
was a functional (compensatory) attenuation. TAAR1 activation
had no effect on the half-life of DA in the NAc, which is consistent
with previous in vitro report and suggests that the TAAR1
agonists’ actions are at least partially independent of the DAT [39].

One caveat of these results is that we only used a low-frequency
stimulation that yielded a steady-state current rather than a peak-
shaped current in the absence of the drug. It should be noted that
the vehicle of RO5166017 contained 5% ethanol and it is possible
(although unlikely) that the observed dopamine release under the
vehicle and nicotine conditions could also involve some effect
attributable to ethanol. The dose of ethanol the rats received in
the study was <40mg/kg, far lower than the typical behaviorally
or neurochemically active doses [41]. Taken together, these results
suggested that TAAR1 could functionally reduce dopamine
transmission, which may be, in part, the mechanism by which
TAAR1 attenuates nicotine-related behaviors.

TAAR1 activation attenuates abuse-related behaviors of nicotine
We systematically demonstrated the inhibitory effects of TAAR1
activation on a broad range of nicotine-related behaviors. We
showed that activation of TAAR1 reduced the development and
expression of nicotine-induced sensitization, suggesting that
TAAR1 could interfere with repeated nicotine exposure-induced

Fig. 5 Local pharmacological activation of TAAR1 in the NAc decreased the reinstatement of nicotine-seeking. a Lever presses on the last
5 days of training. b Successful extinction was achieved after six sessions of extinction. c Microinjection of RO5166017 into the NAc
significantly reduced the reinstatement of nicotine-seeking (n= 11 per group). d Microinjection of RO5166017 into the NAc did not affect
locomotor activity. e Atlas of injection site. Gray dots are for vehicle group and dark dots are for RO5166017 group. Data are expressed as
mean ± SEM; *p < 0.05, compared with vehicle group
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behavioral neuroplasticity, which are consistent with our previous
reports on cocaine [13, 36]. In the nicotine behavioral sensitization
experiment, a cumulative dosing procedure was used to
determine the dose–effect curves of nicotine, and the effects
could be different from single dose studies due to the differing
pharmacokinetics. We also showed that TAAR1 activation atte-
nuated the discriminative stimulus effects of nicotine in a manner
that was similar to the nicotinic receptor antagonist mecamyla-
mine. Drug-induced discriminative stimulus effects are highly
related to the subjective effects in humans and correlated to its
reinforcing effects and abuse potential [42, 43]. These findings
suggest that TAAR1 activation could reduce nicotine-induced
subjective effects, which may contribute to reduced nicotine self-
administration (see below).
TAAR1 activation also reduced nicotine self-administration, the

reinforcing strength of nicotine, and the reinstatement of nicotine-
seeking behavior. First, both a TAAR1 full agonist RO5166017 and
a partial agonist RO5263397 dose-dependently shifted the
nicotine self-administration dose–response curve downward.
According to previous ex vivo electrophysiological studies, the
TAAR1 partial agonist RO5263397 and full agonist RO5166017 act
oppositely on the dopaminergic neuron in the VTA, with
RO5166017 inhibiting while RO5263397 potentiating the firing
rate of VTA neurons, respectively [44, 45]. However, previous
results suggest that TAAR1 full agonists and partial agonists
showed similar pharmacological effects in their abilities to affect
several different behaviors [15, 45]. Such a discrepancy is currently
difficult to reconcile because of the lack of sufficient evidence but
we believe the most likely interpretation is due to the difference
between the simplified ex vivo VTA-containing brain slice
microenvironment and the complexity of behavioral determina-
tion. Nevertheless, there is no doubt that both are mediated by
TAAR1 as the effects of the TAAR1 agonists disappeared in TAAR1-
KO animals. Second, TAAR1 agonist RO5263397 decreased the
consumption and reinforcing strength of nicotine in the economic
demand curve analysis. In our previous study, we showed that
RO5263397 decreased the essential value of cocaine, but did not
affect the initial consumption of cocaine [13]. The different effects
in cocaine and nicotine by RO5263397 may be caused by the
different reinforcing strength of cocaine and nicotine [46]. Finally,
the TAAR1 agonist RO5166017 significantly reduced cue-induced
and priming-induced reinstatement of nicotine-seeking behaviors
in the reinstatement model, which suggested that TAAR1 agonists
could be effective in treating relapse to nicotine use. The essential
role of TAAR1 in modulating nicotine behavioral effects was
further supported by the finding that TAAR1-KO rats demon-
strated enhanced reinstatement to both the environmental cue-
induced and drug-induced reinstatement of nicotine-seeking
behavior. We previously reported that the TAAR1 agonist
RO5263397 alone did not induce conditioned place aversion
[13]. Taken together, our present results demonstrated selective
inhibitory effects of TAAR1 activation on the abuse-related effects
of nicotine.

Cellular Mechanisms of TAAR1 in nicotine behavioral effects
The rewarding and reinforcing effects of nicotine are partially
mediated by activating dopaminergic neurons and by locally
acting in the areas wherein dopaminergic neurons project [6]. The
effects of the systemic activation of TAAR1 on nicotine-induced
abuse-related effects may also act in both ways. First, TAAR1 in the
VTA may directly inhibit the firing rate of dopaminergic neurons
[10]. Second, TAAR1 in the NAc may affect dopamine release or
reuptake locally [39]. Considering the distinct effects of TAAR1 full
and partial agonists on the firing rate of dopaminergic neuron in
the VTA but similar effects of these two kinds of agonists on
nicotine-related behaviors, we believe that TAAR1 activation in the
NAc is the common mechanism that underlies the effects of
systemic administration of TAAR1 agonists [47, 48]. This also better

fits with the current proposed theory that TAAR1 mainly regulates
presynaptic activity to modulate dopamine concentration [8, 49].
Furthermore, we found that local pharmacological activation of
TAAR1 in the NAc attenuated the reinforcing effects of nicotine. In
addition, our previous study have shown that TAAR1 activation in
the NAc did not affect food reinforced operant responding [11].
However, the precise cellular mechanism underlying the role of
TAAR1 in drug addiction is still elusive. The existing view of TAAR1
in dopamine transmission focuses on the interaction of TAAR1
with D2 autoreceptors and/or DAT [8, 10, 39, 44, 50]. Recently, it
has been demonstrated that postsynaptic D2 receptors are also
involved in the role of TAAR1 [14]. Moreover, TAAR1 activation
could interact with Kir3 channels to regulate G protein-dependent
inwardly rectifying K+ current [51]. Additionally, TAAR1 was
suggested to mainly express intracellularly, while the membrane
expression of TAAR1 would be enhanced when co-expressed with
D2R, which makes the cellular mechanisms more complicated.
Further studies are required to clarify the cellular mechanisms
underlying the function of TAAR1.
In summary, these findings demonstrated that TAAR1 regulates

nicotine use and indicate that TAAR1 agonists could be novel
pharmacological interventions rather than a replacement therapy
in the treatment of nicotine use.
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