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The α3β4 nAChR partial agonist AT-1001 attenuates stress-
induced reinstatement of nicotine seeking in a rat model of 
relapse and induces minimal withdrawal in dependent rats

Menglu Yuan1, Ariana M. Malagon1, Dennis Yasuda2, James D. Belluzzi1, Frances M. 
Leslie1, and Nurulain T. Zaveri2,*

1Department of Pharmacology, University of California at Irvine, Irvine, CA

2Astraea Therapeutics, 320 Logue Avenue, Suite 142, Mountain View, CA 94043, USA

Abstract

The strong reinforcing effects of nicotine and the negative symptoms such as anxiety experienced 

during a quit attempt often lead to relapse and low success rates for smoking cessation. Treatments 

that not only block the reinforcing effects of nicotine but also attenuate the motivation to relapse 

are needed to improve cessation rates. Recent genetic and preclinical studies have highlighted the 

involvement of the α3, β4, and α5 nicotinic acetylcholine receptor (nAChR) subunits and the 

α3β4 nAChR subtype in nicotine dependence and withdrawal. However, the involvement of these 

nAChR in relapse is not fully understood. We previously reported that the α3β4 nAChR partial 

agonist AT-1001 selectively decreases nicotine self-administration in rats without affecting food 

responding. In the present experiments, we examined the efficacy of AT-1001 in attenuating 

reinstatement of nicotine-seeking behavior in a model of stress-induced relapse. Rats extinguished 

from nicotine self-administration were treated with the pharmacological stressor yohimbine prior 

to AT-1001 treatment and reinstatement testing. We also examined whether AT-1001 produced any 

withdrawal-related effects when administered to nicotine-dependent rats.

We found that AT-1001 dose-dependently reduced yohimbine stress-induced reinstatement of 

nicotine seeking. When administered to nicotine-dependent rats at the dose that significantly 

blocked nicotine reinstatement, AT-1001 elicited minimal somatic withdrawal signs in comparison 

to the nicotinic antagonist mecamylamine, which is known to produce robust withdrawal. Our data 

suggest that α3β4 nAChR-targeted compounds may be a promising approach for nicotine 

addiction treatment because they can not only block nicotine’s reinforcing effects, but also 

decrease motivation to relapse without producing significant withdrawal effects.
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1. Introduction

Tobacco use is the leading cause of preventable death and disease, and a major health 

problem both in the United States and worldwide [1, 2]. Despite the health risks, an 

estimated 45 million Americans smoke, and nearly 500,000 smoking-related deaths occur 

each year [1]. Nearly 70% of U.S. adult smokers attempt to quit [3]; however, success rates 

are modest (~45%) even with the first-line pharmacotherapy varenicline [4]. Overall, only 

7% remain abstinent after 1 year due to relapse [5]. There are currently only three FDA-

approved pharmacotherapies to assist smokers in quitting: the α4β2 nicotinic acetylcholine 

receptor (nAChR) partial agonist varenicline; the atypical antidepressant and monoamine 

uptake inhibitor bupropion; and nicotine replacement therapy such as patch, gum, lozenge, 

inhaler and nasal spray. These available smoking cessation aids show modest efficacy in 

promoting long-term abstinence, yielding 17% (nicotine replacement therapy), 14% 

(bupropion), and 23% (varenicline) success rates after one year [4, 6].

Prevention of relapse is a key factor for successful smoking cessation and improving long-

term abstinence rates. Although the neuropharmacology that underlies relapse to smoking is 

not fully understood, animal models of relapse or reinstatement of nicotine seeking have 

been developed for investigating potential pharmacotherapies that may attenuate 

reinstatement following relapse triggers [7–9]. Interestingly, the first-line smoking cessation 

drug varenicline was shown not to block cue-induced relapse to nicotine seeking in rats [10], 

although it attenuated reinstatement when cues were combined with a nicotine priming 

injection [11] or a longer pretreatment time was used [12]. Similarly, bupropion was also 

shown to ‘increase’, rather than block cue-induced reinstatement of nicotine seeking in 

animal models [13]. These lines of evidence clearly highlight the need for new approaches to 

address smoking relapse to enable higher success rates for smoking cessation efforts and 

abstinence.

Nicotine, the primary addictive component of cigarettes, exerts its positive reinforcing 

effects by binding to the nicotinic acetylcholine receptors (nAChRs) in the brain which are 

pentameric ligand-gated ion channels, containing homomeric or heteromeric combinations 

of α and β subunits [14, 15]. From the various subtype combinations of nAChRs known, the 

highly abundant heteromeric α4β2* (* indicates possible other subunits present) subtype is 

linked to the positive reinforcing effects of nicotine [16–18] and is the target for varenicline, 

which acts as a partial agonist at this nAChR subtype to reduce the rewarding effect of 

nicotine in humans and in animal models of nicotine self-administration [11, 19]. Recent 

findings from human genetic studies and preclinical mouse models show that other nAChR 

subtypes present in the brain also play an important role in the dependence and reinforcing 

effects of nicotine [20–23].
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Among these the α3, β4 and α5 subunit-containing nAChRs have received considerable 

attention because human genetic association studies show that polymorphisms in the genes 

encoding these nAChR subunits are associated with heavy smoking and inability to quit [24–

26]. Although the α3β4 nAChR subtype has widespread expression in the sensory and 

autonomic ganglia [27, 28], the neuronal α3β4 nAChR is expressed primarily in the medial 

habenula (MHb), interpeduncular nucleus (IPN) and the fasciculus retroflexus (fr) [29, 30]. 

Recent findings suggest that α3β4 nAChRs in the MHb-IPN pathway may serve important 

functional roles in mediating nicotine reward and withdrawal (reviewed in [31]).

We recently reported that systemic (subcutaneous, s.c.) administration of a novel α3β4 

nAChR-selective small-molecule AT-1001 blocked self-administration of intravenous 

nicotine in rats without nonspecific effects on food responding [32]. AT-1001 has single-

digit nanomolar binding affinity for the α3β4 nAChR and over 100-fold selectivity over the 

α4β2 nAChR and α7 nAChR in competition binding experiments with [3H]epibatidine [32, 

33]. In electrophysiological experiments, AT-1001 had partial agonist activity at the α3β4 

nAChR, evoking 35% of maximum ACh response, and at the same doses, produced 

desensitization of the ACh response, effectively acting as a functional antagonist at the α3β4 

nAChR [34]. Rat brain slice autoradiography with a radio-iodinated analog of AT-1001, viz. 

[125I]-AT-1012, shows highly localized and selective labeling of areas containing high 

concentrations of α3β4 nAChR viz. the MHb, IPN and fr, [33]. Interestingly, AT-1001 also 

selectively decreased self-administration of cigarette smoke extract (CSE), an aqueous 

extract of cigarette smoke components, without altering natural food intake, when 

administered systemically to rats trained to self-administer CSE [32, 35].

Although the precise involvement of the α3β4 nAChR in relapse is not fully understood, we 

found that AT-1001 attenuated reinstatement of nicotine seeking induced by nicotine and 

interestingly, induced also by varenicline [36]. It is well known that stress and smoking-

related cues are often strong triggers for relapse in smokers [37–40]. Therefore, the present 

series of experiments were designed to investigate the efficacy of AT-1001 in stress-induced 

reinstatement of nicotine seeking behavior. We have previously shown that AT-1001 had 

anxiolytic activity in the elevated plus maze assay (EPM) in rats in the presence of a 

pharmacological stressor yohimbine [41]. Since AT-1001 decreased yohimbine’s anxiogenic 

effects in the elevated plus maze assay [41], we hypothesized that AT-1001 administration 

would block yohimbine stress-induced reinstatement of nicotine seeking. Using an 

extinction-reinstatement paradigm as the model of relapse, here we examined the efficacy of 

AT-1001 to reduce reinstatement of nicotine seeking in rats exposed to yohimbine stress. 

Further, since the β4 nAChR subunit has been shown to be involved in nicotine withdrawal,

[42] we conducted a preliminary assessment of the effect of the α3β4 nAChR ligand 

AT-1001 on somatic withdrawal signs when administered to nicotine-dependent rats.

2. Materials and Methods

2.1 Animals

Adult male Sprague-Dawley rats (~ 300–350g; Charles River Labs, Hollister, CA) were 

group housed in an AAALAC-accredited vivarium and kept on a 12 h light/dark cycle (1900 

to 0700 h). All animals were handled for two days prior to testing, and behavioral testing 
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was performed 7 days a week. For withdrawal studies, animals had unlimited access to food 

and water. For extinction and reinstatement studies, animals were initially food restricted to 

maintain 85% of their free-feeding body weight during food training and remained at 90–

95% of their free-feeding body weight during self-administration tests. Animal care and use 

were in accordance to NIH standards and protocols were approved by the Institutional 

Animal Care and Use Committee of the University of California, Irvine.

2.2 Drugs

Nicotine hydrogen tartrate (Sigma, St. Louis, MO) was dissolved in sterile saline and 

adjusted to pH 7.2–7.4; doses were calculated as free base. AT-1001 was dissolved in a 

vehicle containing 97% of 0.5% aqueous hydroxypropylcellulose, 2% DMSO, and 1% 0.1M 

HCl. Propofol (Abbott Laboratories, Chicago, IL), mecamylamine HCl (Tocris Bioscience, 

Bristol, UK), and yohimbine hydrochloride (Sigma, St. Louis, MO) were dissolved in sterile 

saline.

2.3 Extinction and Reinstatement of Nicotine-Seeking Behavior

2.3.1 Food training—Animals were trained in 30 minute sessions to lever press for food 

pellets (45mg rodent purified diet; Bio-Serv, Frenchtown, NJ) (Costello et al., 2014) in an 

operant chamber containing two levers, cue lights above each lever, and a house light (Med 

Associates, St Albans, VT). Responses on the reinforced (R) lever delivered a reward, and 

responses on the nonreinforced (NR) lever were recorded but had no consequence. Upon 

earning a reward, a cue light above the R lever was illuminated for 5.6s, and the house light 

was extinguished for the entire duration of the timeout period. Rats began food training 

under a fixed ratio 1 schedule with a 1 second timeout (FR1TO1) and progressed through to 

FR1TO10, FR2TO20, and FR5TO20 upon earning 50 pellets (R ≥ 5). Throughout food 

training, animals were food restricted to maintain 85% of their free-feeding body weight.

2.3.2 Catheter implantation—After acquisition of food responding, rats were 

anesthetized with equithesin (0.0035ml/g) and surgically implanted with an indwelling 

catheter in their jugular vein [43]. During the 3-day recovery period, cannulas were flushed 

daily with heparinized saline solution to maintain catheter patency, and catheter patency was 

verified by testing for rapid anesthesia with propofol (5 mg/kg, i.v.).

2.3.3 Nicotine self-administration—After recovery, animals began 1-hour nicotine self-

administration sessions at FR5TO20 (Figure 1A) (Toll et al., 2012). Rats self-administered 

nicotine (30μg/kg/infusion, 100μl i.v.,5.6s) for a minimum of 10 days until they achieved 

stable responding (R ± 20% over 3 days; R ≥ 6; R ≥ 2 × NR). Catheter patency was verified 

by administering propofol and tested for rapid anesthesia after each rat reached stable 

responding.

2.3.4 Extinction—Upon reaching stable responding, nicotine-seeking behavior was 

extinguished by removal of drug and drug-associated cues (Figure 1A). During extinction, 

the house light was on continuously, but the animal was not connected to the infusion tubing 

and responses on the levers had no consequence. Extinction lasted until rats met criteria (≥ 5 

days; R ≤ 20% last day of nicotine self-administration).
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2.3.5 Reinstatement—Once responding was extinguished, animals began reinstatement 

testing the following day (Figure 1B). Thirty minutes before testing, reinstatement was 

primed by a pharmacological stressor (yohimbine 2.5 mg/kg, i.p). Ten minutes before 

testing, separate groups of animals received injections of AT-1001 (0, 0.75, 1.5, 3 mg/kg, 

s.c.) or drug control mecamylamine (0, 0.5, 1, 2 mg/kg s.c.). The doses of AT-1001 were 

selected based on our previous studies [32, 35, 36]. Doses of mecamylamine were selected 

based on previous reports [44]. Animals were placed in the self-administration chamber and 

exposed to the drug-associated cue light. This combination of using yohimbine stress with 

nicotine-paired cues has been shown to induce robust reinstatement of nicotine-seeking 

behavior, compared to using yohimbine alone [45]. Between reinstatement tests animals 

were returned to extinction conditions for a minimum of two days or until extinction criteria 

were met (Figure 1A). They were then retested with another dose of antagonist in a within 

subjects, Latin-square design.

2.4 Effect of AT-1001 and mecamylamine in nicotine-dependent rats

2.4.1 Dependence induction—A separate group of rats were anesthetized with 

equithesin (0.0035ml/g) and implanted with a subcutaneous (s.c.) Alzet 2ML1 minipump 

(DURECT, Cupertino, CA) to infuse 3.15 mg/kg/day of nicotine free-base for 7 days using a 

protocol previously described by Malin et al. [46]. Following surgery, rats were weighed 

daily to monitor health. On day 5 and 6 following minipump implantation, rats were placed 

in clear plexiglass, open field chambers (43.2 × 43.2 × 30.5 cm3) for 30 minutes to acclimate 

to the testing environment (Figure 1C).

2.4.2 Treatment of nicotine-dependent rats with AT-1001 or mecamylamine—
On day 7 of chronic nicotine exposure, the rats were placed in the chambers and scored for 

baseline somatic withdrawal signs. After 30 minutes, the rats were given vehicle, AT-1001 (3 

mg/kg, s.c.), or mecamylamine (1 mg/kg, s.c.), and scored for an additional 30 minutes 

(Figure 1D). The dose of AT-1001 used was the highest dose that blocked stable responding 

of nicotine self-administration [32], whereas the dose of mecamylamine used is known to 

produce robust precipitated withdrawal [47]. After drug treatment, behavior was digitally 

recorded and scored live by a blind observer for 10 seconds of every minute. Somatic 

nicotine withdrawal signs included teeth chatter/chewing, gasps/writhing, ptosis, “wet dog” 

shakes/tremors, and a miscellaneous category of less frequent symptoms such as hop, yawn, 

scratch, ejaculation, and dyspnea [based on Malin et al., 46, 48]. Simultaneously, locomotor 

activity and center time were recorded in the open field chambers through 16 photobeams 

along the sides of each wall (MED Associates, Inc., St. Albans, VT).

2.5 Statistical Analysis

Both AT-1001 and mecamylamine reinstatement experiments were performed as a within-

subjects counterbalanced design. Reinstatement lever responses were analyzed by 1-way, 

repeated measures ANOVA with drug dose (AT-1001 or mecamylamine) as the repeated 

measure. Significant main effects were further analyzed with appropriate post-hoc tests.

Withdrawal data were analyzed by 2-way ANOVA comparing drug × total somatic 

withdrawal signs. Individual categories of withdrawal measures were analyzed by 2-way 
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ANOVA comparing drug × somatic withdrawal signs, with repeated measures on somatic 

withdrawal signs. Likewise, locomotor activity and center time were analyzed by 2-way 

ANOVA comparing drug × ambulatory counts and drug × seconds, respectively. All 

significant main effects were further analyzed by one-way ANOVA as well as Dunnett’s and 

Bonferroni post hoc tests.

3. Results

3.1 AT-1001 blocks reinstatement of nicotine seeking induced by yohimbine stress

Since AT-1001 attenuated yohimbine-induced anxiogenic responses in rat, as we previously 

showed [41], we tested whether AT-1001 could block yohimbine stress-induced 

reinstatement of nicotine-seeking behavior in rats. Given that varenicline or bupropion do 

not significantly block reinstatement of nicotine-seeking,[10, 13] we used mecamylamine as 

a positive control, since it has been shown to decrease cue-induced nicotine reinstatement 

[44]. Rats that extinguished stable responding to nicotine self-administration were primed to 

reinstate with yohimbine stress. Vehicle-treated animals significantly reinstated responding 

(Figure 2, gray bar). There was a significant effect of AT-1001 dose (F4, 20 = 16.375, p < 

0.001), where at both the 1.5 and 3 mg/kg doses, AT-1001 significantly reducing responding 

on the nicotine-associated (reinforced, R) lever compared to vehicle-treated controls (Figure 

2A). AT-1001 had no significant effects on the nonreinforced (NR) lever. Similarly, there 

was a significant effect of mecamylamine dose (F4, 20 = 9.903, p < 0.001), with 

mecamylamine significantly attenuating reinforced lever responses at both 1 and 2 mg/kg 

doses (Figure 2B).

3.2 AT-1001 administration to nicotine-dependent rats produces minimal withdrawal signs

Since the β4 nAChR subunit is thought to be involved in nicotine withdrawal, we examined 

whether AT-1001 administration to nicotine-dependent rats elicited any somatic withdrawal 

signs, using a protocol described by Malin et al [47]. Mecamylamine, which produces robust 

somatic signs of withdrawal, was used as a positive control and a comparator for the somatic 

withdrawal signs.

AT-1001 (or mecamylamine, as a positive control that precipitates withdrawal) was 

administered on the 7th day after chronic nicotine exposure, and somatic withdrawal signs 

were evaluated in the 30 minutes after compound administration. For somatic signs scored 

following drug treatment, there was a significant main effect of drug (F2, 22 = 27.898, p < 

0.001). As expected, the positive control mecamylamine precipitated a significant increase in 

somatic withdrawal signs compared to vehicle controls (Figure 3A, black bar, p < 0.001). 

Rats treated with AT-1001, on the other hand, also exhibited higher somatic signs compared 

to vehicle (p < 0.05, respectively; Figure 3A). However, Bonferroni post hoc analysis 

showed that AT-1001 produced significantly less total somatic withdrawal signs compared to 

mecamylamine (p < 0.001; Figure 3A). Analysis of the individual categories of each 

withdrawal measure indicated significant within effects of somatic withdrawal signs (F1, 22 = 

13.643, p = 0.001) and a drug × somatic withdrawal signs interaction (F2, 22 = 9.830, p = 

0.001). Mecamylamine significantly enhanced teeth chatter/chewing and ptosis compared to 

AT-1001 (p < 0.001) and vehicle (p < 0.001; Figure 3B), indicating nonspecific ganglionic 
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effects [49, 50]. In contrast, AT-1001 and vehicle-treated rats do not exhibit significant ptosis 

signs (Figure 3B). Moreover, AT-1001 had no significant effect on any individual somatic 

withdrawal sign (Figure 3B). AT-1001 and mecamylamine had no significant effects on 

locomotor activity or center time compared to vehicle (Figure 3C and 3D).

4. Discussion

Our studies show that AT-1001 dose-dependently attenuates reinstatement of nicotine 

seeking induced by pharmacological stress in a rat model of relapse. Our results add to our 

previous findings and demonstrate, that at a dose that blocks nicotine self-administration 

[32] the α3β4 nAChR-selective AT-1001 also blocks relapse of nicotine seeking, induced by 

nicotine, varenicline [36] as well as stress. We have previously shown that AT-1001 does not 

exhibit reinforcing properties per se and does not induce reinstatement of nicotine seeking in 

extinguished rats [32, 36]. We have also shown that AT-1001 does not induce a conditioned 

place preference or aversion in mice [51].

To our knowledge, this study is the first to demonstrate that selectively targeting the α3β4 

nAChR (with selective ligands such as AT-1001) attenuates stress-induced nicotine seeking 

behavior. The only other selective α3β4* nAChR ligand shown to attenuate the rewarding 

effects of nicotine is the peptide α-conotoxin AuIB, which has been shown to attenuate 

nicotine conditioned place preference (CPP) (nicotine reward) in C57BL/6 mice after local 

intracerebral injection [52] and to decrease intravenous (IV) nicotine self-administration 

when injected directly into the MHb [53]. AuIB has not been investigated in nicotine 

reinstatement, likely due to confounding difficulties associated with the requirement for 

direct intracerebral administration of this peptide. The systemically active but modestly-

selective α3β4* nAChR antagonist, 18-methoxycoronaridine (18-MC) has also not been 

investigated for efficacy in blocking reinstatement to nicotine seeking, although it was found 

to decrease IV and oral nicotine self-administration in rats when administered systemically 

[54, 55]. 18-MC also decreases IV nicotine self-administration when injected directly into 

the MHb, but increased nicotine self-administration when injected into the IPN [53]. 

Interestingly, a recent study showed that 18-MC enhanced reinstatement of cocaine CPP 

following extinction even though it blocked acquisition of cocaine CPP [56]. The lack of 

selectivity of 18-MC for the α3β4 nAChR, particularly after systemic administration, 

preclude a conclusion about the role of α3β4 nAChR in the effects of 18-MC in drug 

seeking [57].

While the role of the α3β4* nAChR in nicotine reinstatement is not extensively studied, 

recent reports showing the involvement of the medial habenula, IPN and α3β4* nAChR in 

nicotine-mediated behaviors offer intriguing clues about the possible role of α3β4* nAChR 

activation in relapse. Elegant studies reported by Gorlich et al. found that heightened 

sensitivity to nicotine in mice undergoing withdrawal occurs from an increase in the firing 

and pacemaking activity of the cholinergic MHb neurons and involve the activation of only 

the α3β4* nAChR but not the α4β2*, α4β4*, α3β2*, α7, β3* nAChR subunits [58]. These 

studies suggest that α3β4* nAChR activation in the MHb may play a role in triggering 

relapse by driving the increased sensitivity to nicotine during an abstinent state. These 

findings suggest the intriguing possibility that suppression of α3β4* nAChR activation 
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during the abstinent phase may decrease the heightened sensitivity to nicotine during 

abstinence and prevent relapse. The studies of Gorlich et al. appear to support our 

observations that AT-1001 blocks reinstatement of nicotine-primed drug seeking [36] as well 

as stress-induced nicotine seeking. Together, these studies suggest that modulation of the 

α3β4* nAChR may be a promising approach to decrease sensitivity to relapse triggers 

during abstinence, reduce smoking relapse and improve cessation rates.

The results of the withdrawal experiments (Figure 3) further confirm the α3β4*-selective 

action of AT-1001 in vivo. We found that AT-1001 administration to nicotine-dependent rats 

induces minimal withdrawal signs, when compared to those produced by mecamylamine 

(Figure 3). The lack of significant signs of somatic withdrawal when AT-1001 was injected 

(on day 7) is consistent with its selective action at the α3β4* nAChR. The selective α3β4* 

nAChR antagonist AuIB was also shown to produce lesser somatic withdrawal signs in mice 

[42, 52]. The nonspecific nicotinic antagonist mecamylamine, on the other hand, elicited 

robust withdrawal in nicotine-dependent rats, as expected (Figure 3B). Mecamylamine is 

routinely used in experimental settings to precipitate withdrawal in nicotine-dependent 

animals [47, 59, 60]. Given that mecamylamine also produces withdrawal, albeit reduced, in 

β4 null mice further confirms that the withdrawal produced by mecamylamine is likely due 

to its actions at receptors other than just the α3β4 nAChRs and even other non-nicotinic 

targets [61]. These withdrawal-promoting adverse effects of mecamylamine probably 

precluded its development as a smoking cessation medication [62, 63]. Overall, our findings 

of minimal withdrawal produced by AT-1001 further support the notion that selective 

modulation of the α3β4 nAChR subtype may be a better approach for smoking cessation 

treatment and not produce withdrawal-induced effects observed with non-selective 

antagonists such as mecamylamine and [64, 65].

Both current approved medications for smoking cessation, bupropion as well as varenicline 

do not demonstrate a robust inhibition of nicotine-seeking behavior in animal models of 

relapse and have low long-term abstinence rates (<25%) in the clinic.[10, 11, 13] The robust 

efficacy of α3β4-selective compounds such as AT-1001, to block reinstatement of nicotine-

seeking, demonstrated in this and previous studies, clearly differentiate it from available 

medications and from nonspecific antagonists like mecamylamine, and offers a new 

approach for smoking cessation treatment and improved abstinence rates. The present 

findings also lend support the human genetic association and functional studies implicating 

the α3 and β4 nAChRs in nicotine dependence and addictive behaviors. Together, our results 

support a role of the α3β4 nAChR as a potential target for developing medications that may 

provide improved abstinence rates.
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Highlights

• AT-1001, a high affinity, selective α3β4 nAChR partial agonist attenuates 

reinstatement of nicotine seeking induced by pharmacological stress in a rat 

model of relapse.

• When administered to nicotine-dependent rats, AT-1001 induces minimum 

withdrawal signs.

• The robust efficacy of α3β4 nAChR-selective compounds such as AT-1001 to 

block reinstatement of nicotine-seeking differentiate it from current smoking 

cessation medications like bupropion and varenicline which do not attenuate 

relapse to nicotine seeking.

• Targeting the α3β4 nAChR offers a new approach for smoking cessation 

treatment and improved long term abstinence rates.
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Figure 1. Schematic of Experimental Design
A) Experimental timeline for nicotine self-administration, extinction, and reinstatement. B) 

Dose-response comparison of AT-1001 versus mecamylamine in blocking reinstatement of 

nicotine-seeking behavior. C) Induction of nicotine dependence over 7 days. D) For 

Experiment 1, comparison of AT-1001 versus mecamylamine in precipitating nicotine 

withdrawal.
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Figure 2. Effect of AT-1001 and mecamylamine on yohimbine-induced reinstatement of nicotine-
seeking behavior
A) AT-1001 dose-dependently attenuated reinstatement of nicotine-seeking behavior. Rats 

significantly reinstated R lever responding at lower doses of AT-1001 (** p < 0.01). At 

higher doses, AT-1001 blocked yohimbine-induced reinstatement (+ p < 0.05, +++ p < 

0.001). B) Nicotine-seeking behavior was significantly reinstated following vehicle injection 

(* p < 0.05), and mecamylamine dose-dependently blocked reinstatement of R responding 

(+ p < 0.05, ++ p < 0.01). n = 6/group.
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Figure 3. Effect of AT-1001 on somatic withdrawal signs in nicotine dependent rats
A) Total somatic signs during the 30 minutes after vehicle, AT-1001, or mecamylamine 

injection. Rats administered AT-1001 (3 mg/kg, s.c.) or mecamylamine (1 mg/kg, s.c.) 

showed enhanced somatic nicotine withdrawal signs compared to vehicle controls (* p < 

0.05, *** p < 0.001). AT-1001-injected rats displayed significantly fewer somatic signs 

compared to mecamylamine-injected rats (+++ p < 0.001). B) Individual somatic signs after 
drug injection. Rats that received mecamylamine exhibited more occurrences of teeth 

chatter/chewing and ptosis compared to rats that received vehicle or AT-1001 (*** p < 

0.001, +++ p < 0.001, respectively). AT-1001 was not significantly different from saline in 

any individual category. C) Effect of AT-1001 on locomotor activity. No significant 

differences in locomotor activity between drug treatments and vehicle, as measured by 
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ambulatory counts. D) Effect of AT-1001 on center time. No significant differences in center 

time (s) after drug treatment compared to vehicle treatment. n = 8–9/group.
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