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Abstract

Nicotine addiction is a leading avoidable brain disorder globally. Although nicotine induces a 

modest reinforcing effect, which is important for the initial drug use, the transition from nicotine 

use to nicotine addiction involves the mechanisms responsible for the negative consequences 

of drug abstinence. Recent study suggested that trace amine-associated receptor 1 (TAAR1) 

is a promising pharmacological target for the modulation of positive reinforcing effects of 

nicotine. However, whether TAAR1 plays a part in the negative reinforcement of nicotine 

withdrawal remains to be determined. Here, using a long-access (LA) self-administration model, 

we investigated whether LA rats show increased nicotine intake and withdrawal symptoms 

in comparison with saline and ShA rats and then tested the effect of TAAR1 partial agonist 

RO5263397 on nicotine withdrawal effects. We found that rats from long-access group showed 

significant abstinence-induced anxiety-like behaviour, mechanic hypersensitivity, increased 

number of precipitated withdrawal signs and higher motivation for the drug, while rats from 

short-access did not differ from saline group. TAAR1 partial agonist RO5263397 significantly 

reduced the physical and motivational withdrawal effects of nicotine in LA rats, as reflected by 

increased time spent on the open arm in the elevated plus maze (EPM) test, normalized paw 

withdrawal threshold, decreased withdrawal signs and motivation to self-administer nicotine. This 

study indicates that activation of TAAR1 attenuates the negative-reinforcing effects of nicotine 

withdrawal and further suggests TAAR1 as a promising target to treat nicotine addiction.
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1 | INTRODUCTION

Tobacco is one of the most widely used substances worldwide, with nearly 50 million 

people in the United States are addicted to tobacco products.1 Tobacco addiction results 

in more than 7 million deaths each year globally,2 making it a leading avoidable cause of 

disease and premature death in the world.3,4 The main psychoactive component responsible 

for tobacco addiction is nicotine.5 Nicotine produces a modest reinforcing effect partially 

through the stimulation of mesolimbic dopamine system.6–9 Although the acute reinforcing 

effect of nicotine is important for the initial drug use,10,11 the transition from nicotine 

use to nicotine dependence involves neuroadaptations in the brain that underlies continued 

drug use.12 Such neuroadaptations may involve the mechanisms responsible for the negative 

consequences of drug abstinence.13–15 Thus, continued drug use to avoid an unpleasant 

affective state induced by drug abstinence through negative reinforcement mechanisms may 

lead to nicotine addiction.12,16

Nicotine withdrawal can be elicited after the discontinuation of chronic nicotine 

exposure,17–19 which is characterized by both somatic and affective symptoms. 

Somatic symptoms include gastrointestinal discomfort, increased appetite and bradycardia 

while affective symptoms include depressed mood, irritability, anxiety and difficulty 

concentrating.4,20 These aversive aspects of nicotine withdrawal are thought to be important 

for the maintenance of nicotine use and contribute to nicotine relapse even after prolonged 

abstinence.21,22 Thus, strategies that can attenuate these aversive symptoms resulted from 

nicotine withdrawal may serve as an effective treatment for nicotine addiction.

Trace amine-associated receptors (TAARs) are a group of receptors of trace amines 

that exist at a very low level in the brains of vertebrates, of which TAAR1 is best 

characterized.23 TAAR1 is broadly expressed in the dopaminergic system and has emerged 

as an effective target for modulating dopamine activity.24,25 It is widely associated with 

cocaine, methamphetamine and other drug-related behaviours.26–29 Our recent study has 

shown that TAAR1 agonists attenuate nicotine-associated behaviours.30 For example, 

activation of TAAR1 significantly reduces nicotine-induced sensitization, nicotine intake 

and cue- or drug-induced nicotine reinstatement in short-access (ShA) self-administration 

rats.30 However, whether TAAR1 plays a part in nicotine withdrawal remains to be 

determined.

Studies have shown that extended-access (or long-access, LA), other than ShA to nicotine 

self-administration is associated with prolonged nicotine dependence.31,32 Rats with a 

history of LA to nicotine demonstrate significant withdrawal symptoms when nicotine 

exposure is terminated.33,34 However, rats with ShA to nicotine did not show any 

differences.35 These studies suggest that LA self-administration might be a more valid 

model for nicotine withdrawal study. Thus, in the present study, we aimed to verify 

whether rats with LA to nicotine show withdrawal symptoms after drug abstinence and 

whether TAAR1 activation could regulate these abnormal behaviours. For this purpose, we 

first examined whether LA rats show increased nicotine intake and withdrawal symptoms 

in comparison with saline and ShA rats and then tested the effect of TAAR1 partial 

agonist RO5263397 on nicotine withdrawal-induced anxiety-like behaviour, mechanical 
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hypersensitivity, mecamylamine-precipitated withdrawal symptoms and nicotine intake 

under a progressive-ratio (PR) schedule.

2 | MATERIALS AND METHODS

All animal care and experimental procedures were approved by the Institutional Animal 

Care and Use Committee, University at Buffalo, the State University of New York, and 

complied with the 2011 Guide for the Care and Use of Laboratory Animals (Institute 

of Laboratory Animal Resources on Life Sciences, National Research Council, National 

Academy of Sciences, Washington DC).

2.1 | Animals

Adult male Sprague–Dawley rats (initial weight 260–280 g; Harlan, Indianapolis, IN) were 

housed individually on a 12/12-h light/dark cycle with free access to water and food. To 

assure that there will be no difference among different groups of rats before treatment 

of TAAR1 agonist, we assigned rats into different groups based on the training of self-

administration in all experiments. The groups of rats were then assigned into treatments of 

vehicle and RO5263397 randomly. Experimenters were blinded to the group assignment. All 

behavioural studies were performed during the light cycle (8:00–20:00) except for nicotine 

LA training, which was partially undertaken during the dark phase. A total of 66 adult male 

rats were used in this study. Six rats were excluded because of catheter failure. Eight rats 

were excluded because they did not acquire stable responses for nicotine after training (the 

variance of the total number of injections was <20% for two consecutive days).

2.2 | Drugs

Drugs used in this study included nicotine tartrate (MP Biomedicals, LLC, Solon, OH), 

RO5263397 (synthesized at Research Triangle Institute, purity > 98%) and mecamylamine 

hydrochloride (Sigma). Nicotine tartrate was dissolved in 0.9% physiological saline, and the 

pH was adjusted to 7.2–7.4 prior to injection. RO5263397 was dissolved in a mixture of 

1 part absolute ethanol, 1 part Emulphor-620 (Rhodia) and 18 parts physiologic saline.36 

The dose of RO5263397 (intraperitoneally, i.p.; 5.6 mg/kg) used in these experiments was 

selected based on our previous findings in which there was no effect on general locomotor 

activity.30,37 Mecamylamine hydrochloride was dissolved in saline and administered i.p. (1.5 

mg/kg).

2.3 | Catheterization surgery

The rats (weighing 280–300 g at the beginning of the experiments) were anesthetized with 

ketamine and xylazine (75 and 5 mg/kg, respectively, i.p.). Rats were implanted with chronic 

indwelling jugular catheters as previously described.30 The rats were allowed to recover 

for at least 1 week after surgery. 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) for 1 week after surgery to preserve catheter patency and prevent infection.
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2.4 | Nicotine self-administration

One week after surgery, rats began self-administration for nicotine (0.03 mg/kg per infusion) 

or saline. Training sessions were 1 h per day, during which responses to the active lever 

resulted in intravenous injections of nicotine or saline under a fixed ratio (FR) schedule 

of reinforcement followed by a 30-s time-out period. Infusions were accompanied by a 

5-s illumination of the stimulus light above the active lever, and the house light was 

extinguished for the duration of the time-out period. The initial schedule of reinforcement 

was FR 1. The response requirement was gradually increased from FR 1 to FR 3 over 2 

weeks. All rats maintained a stable self-administration behaviour for the last two sessions 

(variance of the number of injections <20% among the two sessions). Sessions were 

terminated after either a 1-h duration or 30 infusions had been earned, whichever occurred 

first. Then nicotine rats were divided into a ShA group that self-administered nicotine for 1 h 

per session and a LA group that self-administered nicotine for 21 h per session. Both groups 

self-administered nicotine for another 14 consecutive days.

2.5 | Elevated plus maze

The EPM test was based on previous studies.38 Briefly, each rat was first placed in the 

central zone of the EPM. The rat was allowed to freely explore the maze for 5 min, and 

the entire test was conducted under dim light conditions. The illumination was 3 lx in the 

closed arms and 8 lx in the open arms.38 The time (in seconds) spent on the open arms 

were recorded by a camera and scored by two independent observers who were blind to the 

animal groups.

2.6 | Von Frey assay

Mechanical hypersensitivity was measured using Von Frey filaments consisting of calibrated 

filaments (10–60 g; North Coast Medical, Morgan Hill, CA). Rats were placed in elevated 

plastic chambers with a wire mesh floor (IITC Life Science Inc., Woodland Hills, CA) 

and allowed to habituate prior to testing. Filaments were applied perpendicularly to the 

medial plantar surface of the same hind paw (right) from below the mesh floor in an 

ascending order of filament force, beginning with the lowest filament (10 g). A filament 

was applied until buckling occurred and maintained for approximately 2 s. Mechanical 

thresholds correspond to the lowest force that elicited a behavioural response (withdrawal of 

the hind paw) in at least two out of three applications.

2.7 | Mecamylamine-precipitated withdrawal symptoms

Rats received an intraperitoneal injection of mecamylamine (1.5 mg/kg, i.p.) and were 

placed into an opaque plastic cylindrical container (30 × 29 cm) 30 min later for 10 min 

of somatic withdrawal sign observation. Somatic signs of nicotine withdrawal were rated 

according to the method developed by Malin et al. (1992).19 The rats were observed for eye 

blinks, body shakes, chews, escape attempts, foot licks, head shakes, teeth chatter, chews + 

teeth chatter, grooming and yawns. Multiple successive counts of any sign required a distinct 

pause between episodes. The total number of somatic signs during the 10-min observation 

period was defined as the sum of the number of occurrences of all of the aforementioned 

signs. The observer was blind to the animal's experimental condition.
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2.8 | PR test

Three days after the mecamylamine-precipitated withdrawal symptoms test, rats underwent 

a PR schedule of reinforcement. Rats were allowed to self-administer nicotine during a 

3-h session. The first response of the session resulted in a drug infusion, after which the 

response requirements escalated by following the series 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 

…, derived from the formula: response ratio (rounded to nearest integer) = [5e(injection 

numberX0.2)] – 5.30 Drug (5.6-mg/kg RO5263397, i.p.) or its vehicle was administered 20 

min before the test sessions.

2.9 | Statistics

All results were presented as mean ± standard error of the mean (SEM) and analysed 

by the Graphpad Prism 8 software (GraphPad Software, San Diego, CA). Data were 

tested for normal distribution using Shapiro–Wilk test and justified for the subsequent use 

of parametric methods. Two-way repeated-measures analysis of variance (ANOVA) was 

conducted for nicotine training experiment (Figure 1B). All other behavioural data were 

analysed by two-way ANOVA followed by post hoc Bonferroni's multiple comparisons test. 

Post hoc tests were conducted only if F in ANOVA achieved the necessary level of statistical 

significance (p < 0.05), and there was no significant variance in homogeneity (which 

precludes use of parametric statistics). Group size was selected based on our previous 

studies. The declared group size is the number of independent values, and that statistical 

analysis was done using these independent values. p < 0.05 was considered statistically 

significant.

3 | RESULTS

3.1 | Nicotine self-administration in rats under different access conditions

Two groups (saline/nicotine) of rats underwent self-administration training for 2 weeks 

(acquisition phase, 1 h/day, Figure 1A). Nicotine groups showed increased infusions 

compared with saline group, as shown by a significant effect for the group (two-way 

repeated ANOVA, F (2,49) = 52.59, p < 0.05, post hoc: Nic-ShA and Nic-LA vs. saline: p 
< 0.05), time (F (4,179) = 8.89, p < 0.05) and group × time interaction (F (8,195) = 13.09, 

p < 0.05, Figure 1B), indicating a reinforcing effect of nicotine. Then, nicotine group was 

divided into two subgroups, that is, ShA group (1 h/day) and LA group (21 h/day), when 

they were given differential access to nicotine (Figure 1A). There was no difference between 

Nic-ShA group and Nic-LA group during the acquisition phase.

These three groups (saline, Nic-ShA and Nic-LA) continued self-administration training for 

additional 2 weeks (maintenance phase). During this phase, Nic-LA group showed increased 

total infusions compared with Nic-ShA group (two-way repeated ANOVA, group: F (2,49) = 

374.4, p < 0.05; time: F (4,179) = 2.30, p < 0.05; group × time interaction: F (8,195) = 1.643, 

p < 0.05; post hoc: Nic-LA vs. Nic-ShA: p < 0.05, Figure 1B). These results confirmed a 

higher total nicotine intake in LA rats compared with ShA group.
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3.2 | Effects of RO5263397 on the abstinence-induced anxiety-like behaviour and 
mechanical hypersensitivity

To examine the effect of RO5263397 on the anxiety-like behaviour and mechanical 

hypersensitivity induced by abstinence, EPM and Von Frey assay were tested 3 days after 

the last training. Moreover, Von Frey assay was also tested 1 h after the last session to 

observe any acute mechanical hyperalgesia. RO5263397 or vehicle was injected 20 min 

prior to the tests. For EPM, we found that Nic-LA group showed an increased anxiety-like 

behaviour compared with saline group, as evidenced by decreased time spent on the open 

arms (two-way ANOVA, group × treatment interaction: F (2,39) = 3.52, p < 0.05; post hoc: 

Nic-LA vs. saline: p < 0.05, Figure 2A), while Nic-ShA group showed no differences. 

Moreover, RO5263397 significantly attenuated the anxiety-like behaviour in the Nic-LA 

group, as we observed an increased time spent on the open arms in this group (treatment: 

F (1,39) = 4.56, p < 0.05; post hoc: RO 526 vs. Veh: p < 0.05, Figure 2A). For the Von 

Frey assay, we did not observe any differences among all groups at 1 h after the last session 

(Figure 2B). However, 3 days after the last training, Nic-LA group showed a decrease in paw 

withdrawal threshold compared with saline group (interaction: F (2,43) = 4.08, p < 0.05; post 

hoc: Nic-LA vs. saline: p < 0.05, Figure 2C), while Nic-ShA group showed no differences. 

Furthermore, this abnormal behaviour can be normalized by RO5263397 (treatment: F (2,43) 

= 1.98, p = 0.05; post hoc: RO 526 vs. Veh: p < 0.05, Figure 2C). These results showed 

that RO5263397 reduced the abstinence-induced anxiety-like behaviour and mechanical 

hypersensitivity in the Nic-LA group.

3.3 | Effect of RO5263397 on the mecamylamine-precipitated withdrawal symptoms

To test whether RO5263397 could reduce the precipitated withdrawal symptoms, we tested 

the mecamylamine-precipitated withdrawal signs 3 days after the EPM test. RO5263397 or 

vehicle was injected 20 min prior to the test. We found a significant effect for the group 

(two-way ANOVA, F (2,50) = 52.39, p < 0.05, Figure 3), treatment (F (1,50) = 21.51, p < 0.05) 

and interaction (F (2,50) = 3.22, p < 0.05). Post hoc analysis showed that Nic-LA rats had 

more withdrawal signs compared with saline group (Nic-LA-veh: 70.0 ± 19.3; saline-veh: 

22.7 ± 6.0, p < 0.05, Table 1). However, Nic-ShA rats did not differ from saline group (34.3 

± 4.9, Table 1) in the total withdrawal signs. More importantly, systemic administration 

of RO5263397 significantly reduced the precipitated withdrawal symptoms in the Nic-LA 

group (Nic-LA-RO: 43.1 ± 12.5; Nic-LA-Veh: 22.7 ± 6.0, p < 0.05, Table 1), without 

affecting the Nic-ShA rats (Nic-ShA-RO: 22.6 ± 2.1; Nic-ShA-Veh: 34.3 ± 4.9, p > 0.05, 

Table 1).

3.4 | Effect of RO5263397 on the motivational properties of nicotine withdrawal

To determine whether RO5263397 could affect the motivational properties of nicotine 

withdrawal, a PR test was given 3 days after the precipitated withdrawal symptoms test. 

Here, only Nic-ShA and Nic-LA groups were tested given the fact that rats have much less 

motivation pressing for saline even after abstinence. Two-way ANOVA analysis showed a 

significant effect for treatment (F (1,33) = 36.27, p < 0.05) and group (F (1,33) = 31.77, p 
< 0.05, Figure 4A); however, there was no significant effect for the interaction (F (1,33) 

= 0.38, p > 0.05). Nic-LA rats showed higher motivation for nicotine after the abstinence 
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compared with Nic-ShA rats, reflected by elevated infusions under a PR schedule (p < 0.05, 

Figure 4A). Moreover, administration of RO5263397 significantly reduced the infusions in 

the Nic-LA group (p < 0.05, Figure 4A). Here, RO5263397 had no effect on the infusions in 

Nic-ShA group possibly because the total number of infusions in the Nic-ShA group was too 

low.

Consistently, Nic-LA rats showed increased active lever presses at the PR test compared 

with Nic-ShA rats (group: F (1,33) = 41.47, p < 0.05; interaction: F (1,33) = 5.12, p < 0.05; 

post hoc: p < 0.05), while RO5263397 attenuated the increased active lever responses in 

the Nic-LA group (treatment: F (1,33) = 28.63, p < 0.05; post hoc: p < 0.05, Figure 4B). 

Meanwhile, R05263397 also decreased the active lever presses in the Nic-ShA group (p 
< 0.05) in the PR test, which is consistent with our previous finding that R05263397 (5.6 

mg/kg) increased the elasticity of nicotine demand curve in ShA rats.30

4 | DISCUSSION

The present results demonstrate that rats with LA (21 h/day) to nicotine have higher drug 

intake than rats in ShA (1 h/day) group. Rats from LA group showed significant abstinence-

induced anxiety-like behaviour, mechanic hypersensitivity, increased number of precipitated 

withdrawal signs and higher motivation for the drug, while rats from ShA did not differ 

from saline group. TAAR1 partial agonist RO5263397 significantly reduced the physical 

and motivational withdrawal effects of nicotine in LA rats, as reflected by increased time 

spent on the open arm in the EPM test, normalized paw withdrawal threshold, decreased 

withdrawal signs and motivation to self-administer nicotine. Meanwhile, RO5263397 also 

decreased the active lever presses in ShA rats in PR test. This study provides new 

information that activation of TAAR1 attenuates the negative-reinforcing effects of nicotine 

withdrawal, in addition to its critical role in nicotine's acute positive rewarding effects.

We found that rats from ShA group had more infusions than rats from ShA group, which 

is consistent with previous studies that demonstrate higher drug intake in extended-access 

models.31,32 Moreover, we found that rats with LA of nicotine did not show an escalation 

of drug intake as compared with studies that utilized extended-access of cocaine self-

administration,39–42 as shown by relatively stable nicotine infusions during the maintenance 

phase in LA rats. Consistently, studies have shown that extended-access of nicotine did 

not result in increased self-administration.31,32 This disparity can be explained by the 

different pharmacological properties of drug actions. Although the effects of cocaine can 

be increased by extended self-administration,42 nicotine acetylcholine receptors (nAChRs) 

desensitize fast to nicotine exposure in both humans and rats.43,44 On the other hand, 

both clinical and preclinical studies show that nicotine dependent subjects tend to maintain 

a stable daily nicotine intake, which may involve the possible aversion induced by high 

dose nicotine.45–47 However, intermittent-access to extended nicotine self-administration 

induced a robust escalation in nicotine intake, which might be caused by nicotine withdrawal 

effects during the acute abstinence.34,48 This result highlights the importance of negative 

reinforcement to nicotine dependence.
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Despite the lack of escalation of nicotine intake in daily LA group, it represents a valid 

model for nicotine addiction as nicotine withdrawal effects are more pronounced in LA than 

ShA rats. This result is consistent with previous studies that rats with extended nicotine 

self-administration show persistent withdrawal signs.32,34 Withdrawal somatic signs are 

considered as a measure of ‘physical’ nicotine dependence, which has a significant validity 

as it is sensitive to clinical treatments.49 Moreover, studies have suggested that the severity 

of withdrawal signs is related to nicotine intake level.31 Because LA rats had higher level 

of nicotine intake, they might show more withdrawal signs when abstinent from the drug. 

However, studies also suggest that nicotine consumption level is not related to nicotine 

withdrawal both in rats and human smokers,32,50,51 which suggest that somatic signs may 

not be the driving force for nicotine intake in LA rats.

It is hypothesized that affective aspects of withdrawal are of more motivational significance 

to compulsive nicotine intake and relapse than the withdrawal signs.52 For example, both 

the smokers and rats after nicotine cessation showed elevated nociceptive sensitivity.53,54 

Rats receiving mecamylamine demonstrate a higher brain stimulation reward threshold, a 

reliable measure of decreased reward and motivation related to withdrawal.52 Moreover, 

nicotine withdrawal mice showed a significant aversion to the withdrawal-paired place.55 All 

these studies suggest a remarkable motivational change during the nicotine abstinence. More 

importantly, increased levels of anxiety and nociceptive hypersensitivity during abstinence 

are shown to be predictive for the excessive nicotine intake in LA rats.33 Consistently, 

we found that LA rats showed increased anxiety-like behaviour, mechanic hypersensitivity 

with higher motivation to self-administer nicotine after the abstinence, indicating an altered 

emotional state during withdrawal, which might be a strong negative reinforcer for the 

development of nicotine addiction.

TAAR1 is the best characterized receptor of the TAARs family that has been known 

for modulating dopaminergic system.56,57 It plays a crucial role of negatively regulating 

dopamine transmission and thus is widely involved in drug addiction.58,59 In fact, previous 

studies have shown that activation of TAAR1 attenuates cocaine, methamphetamine, 

morphine and nicotine self-administration, cueand drug-induced reinstatement and 

ethanol- and nicotine-induced behavioural sensitization.26,29,30,60–62 Moreover, in our 

recent study, we showed that TAAR1 agonists were able to reduce the positive 

reinforcing effects of nicotine by extensive behavioural assay including nicotine self-

administration, behavioural sensitization, nicotine discrimination and cue- and drug-induced 

reinstatement.30 Furthermore, TAAR1 knockout rats showed higher cue- and drug-induced 

reinstatement of nicotine-seeking compared with their wide-type littermates.30 More 

importantly, activation of TAAR1 blocked nicotine-induced dopamine release in the nucleus 

accumbens (NAc) in rats.30 In the present study, we showed that TAAR1 activation 

decreased nicotine withdrawal-induced anxiety-like behaviour, mechanic hypersensitivity, 

mecamylamine-precipitated withdrawal symptoms and the motivation to take the drug in LA 

rats. These results further expand the role of TAAR1 in nicotine addiction as it suggests that 

TAAR1 might be able to modulate the negative reinforcing effects of nicotine as well.

The TAAR1 activation-induced increased time spent on the open arm, reduced withdrawal 

symptoms and increased paw withdrawal threshold in LA rats during withdrawal cannot 
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be explained by the possible sedative effect of TAAR1 partial agonist RO5263397. 

Although RO5263397 was shown to attenuate the hyperlocomotion induced by dopamine 

transporter inhibitor and NMDA receptor blockers (PCP and L-687,414),63 the dose used 

here (5.6 mg/kg) was shown not to affect the locomotor activity in naïve rats in previous 

studies.64–66 Meanwhile, the effect of TAAR1 activation on withdrawal might be nicotine-

specific as we have shown that RO5263397 did not affect the naltrexone-induced jumping 

behaviour and conditioned place aversion (CPA) in morphine-dependent mice.60 In addition, 

the fact that RO5263397 alone did not affect the analgesic effect of morphine60 while 

remarkably reduced mechanic hypersensitivity in LA rats after abstinence suggest the 

effect of RO5263397 on nociception is dependent on the progressive neuroadaptations 

involved in nicotine withdrawal. Moreover, the effects of RO5263397 may not be due to 

pharmacokinetics factors. In rats, the half-life of RO5263397 (i.p. injection) is expected 

to be between those of intravenous (2.6 hr) and oral administration (4.3 hr).63,64 About 

94%–97% of the drug will be eliminated after 4–5 half-lives; thus, the observed effect of 

RO5263397 was unlikely due to the drug accumulation from previous injections because we 

administrated RO5263397 on Days 3, 6 and 9, respectively after the last training.

It is not clear whether TAAR1-KO rats would self-administer more nicotine under 

an extended-access procedure and have more severe withdrawal symptoms after drug 

discontinuation than wild-type (WT) littermates. As our previous study reported that 

the knockout of TAAR1 increased the reinstatement of nicotine seeking,30 TAAR1 may 

negatively regulate nicotine-related behaviours. However, it is shown that high dose of 

nicotine induces aversion, which might contribute to a relatively stable nicotine intake,45–47 

it is not known whether this effect can be generalized to TAAR1-KO rats. Therefore, further 

studies are needed to determine whether TAAR1-KO rats would differ from WT rats in 

terms of extended-access nicotine self-administration and nicotine withdrawal.

The neural mechanisms underlying the role of TAAR1 in nicotine withdrawal remains 

unclear. Although the positive reinforcing effects of the drug require the activation of 

mesolimbic dopaminergic system, the negative reinforcement during nicotine withdrawal 

recruits a major brain stress system, the corticotropin-releasing factor (CRF) system.49,67 

Chronic nicotine exposure increases the level of CRF mRNA in the ventral tegmental area 

(VTA) and abolished GABAergic input on DA neurons induced by nicotine. Moreover, 

downregulation of CRF mRNA in the VTA rescued the GABAergic tone of DA neurons 

and blocked motivational effects of nicotine withdrawal.55 A further study demonstrated that 

inhibition of CRF reduced the abstinence-induced anxiety-like behaviour and nociceptive 

hypersensitivity in LA rats but not ShA rats.33 These findings suggest an important role 

of brain stress system in nicotine withdrawal. Interestingly, TAAR1 was shown to have 

anti-stress properties. For example, studies showed that TAAR1 agonists attenuated stress-

induced hyperthermia.68,69 In our most recent study, TAAR1 activation was shown to 

abolish the reinstatement of cocaine seeking induced by yohimbine,42 a pharmacological 

stressor that can produce anxiety- and stress-like state by increasing the norepinephrine 

(NE) and cortisol levels.70 Thus, it is possible that TAAR1 activation may counteract with 

the stress-like state induced by nicotine withdrawal and attenuate negative reinforcement 

of nicotine addiction. However, multiple mechanisms including dysregulation of nAChRs, 

dopaminergic deficits and altered dynorphin system may also participated in nicotine 
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withdrawal, further studies are needed to clarify the potential role of TAAR1 in interacting 

with these systems during withdrawal.71–73

In summary, we found that LA, but not ShA, rats showed increased nicotine intake and 

more pronounced withdrawal effects of nicotine after discontinuation of drug use. TAAR1 

partial agonist RO5263397 reduced the abstinence-induced anxiety-like behaviour, mechanic 

hypersensitivity, mecamylamine-precipitated withdrawal signs and decreased the motivation 

to self-administer nicotine in a PR schedule. The present study supports the important role of 

TAAR1 in regulating negative reinforcement of nicotine and suggests that TAAR1 activation 

may serve as a promising pharmacological approach to treat nicotine addiction.
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FIGURE 1. 
Nicotine self-administration in rats under different access conditions. (A) Experimental 

timeline. Two groups (saline/nicotine) of rats underwent self-administration training for 2 

weeks (acquisition phase, 1 h/day). Then, nicotine group was divided into two subgroups, 

that is, short-access group (Nic-ShA, 1 h/day) and long-access group (Nic-LA, 21 h/day). 

(B) Nicotine groups showed increased infusions compared with saline group during the 

acquisition phase. There was no difference between Nic-ShA group and Nic-LA group 

during this period. During the maintain phase, Nic-LA group showed increased total 

infusions compared with Nic-ShA group. Data are expressed as mean ± standard error of the 

mean (SEM); *p < 0.05, compared with saline; #p < 0.05, compared with Nic-ShA group. 

Saline: n = 18, Nic-ShA: n = 16, Nic-LA: n = 18
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FIGURE 2. 
Effects of RO5263397 on the abstinence-induced anxiety-like behaviour and mechanical 

hypersensitivity. (A) Nic-LA group showed a decreased time spent on the open arms, while 

Nic-ShA group showed no differences. RO5263397 significantly increased the time spent 

on the open arms in LA rats without affecting Nic-ShA group. (B) No differences were 

observed among all groups 1 h after the last session for the Von Frey assay. (C) Three 

days after the last training, Nic-LA group showed a decrease in paw withdrawal threshold 

compared with saline group, while Nic-ShA group showed no differences. RO5263397 

reversed the mechanical hypersensitivity in LA rats. Data are expressed as mean ± standard 

error of the mean (SEM); *p < 0.05, compared with saline-vehicle; #p < 0.05, compared with 

Nic-LA-vehicle group. n = 8–9 for all groups
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FIGURE 3. 
Effect of RO5263397 on the mecamylamine-precipitated withdrawal symptoms. Three days 

after the EPM test, mecamylamine-precipitated withdrawal signs were tested. Nic-LA 

rats had more withdrawal signs compared with saline group. Nic-ShA rats did not differ 

from saline group in the total withdrawal signs. Systemic administration of RO5263397 

significantly reduced the precipitated withdrawal symptoms in the Nic-LA group without 

affecting the Nic-ShA rats. Data are expressed as mean ± standard error of the mean(SEM); 

*p < 0.05, compared with saline-vehicle; #p < 0.05, compared with Nic-LA-vehicle group. n 
= 8–9 for all groups
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FIGURE 4. 
Effect of RO5263397 on the motivational properties of nicotine withdrawal. (A) Nic-LA 

rats showed higher motivation for nicotine after the abstinence compared with Nic-ShA 

rats, reflected by elevated infusions under a progressive-ratio schedule. Administration of 

RO5263397 significantly reduced the infusions in the Nic-LA group. B. Nic-LA rats showed 

increased active lever presses at the progressive-ratio test compared with Nic-ShA rats, 

while RO5263397 attenuated the increased active lever responses in the Nic-LA group. 

RO5263397 also decreased the active lever responses in the Nic-ShA group. Data are 

expressed as mean ± standard error of the mean (SEM); *p < 0.05, compared with Nic-ShA-

vehicle; #p < 0.05, compared with Nic-LA-vehicle group. n = 8–9 for all groups
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