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Abstract

Cholinergic signaling via the nicotinic acetylcholine receptors (nAChRs) in the mesolimbic 

circuitry is involved in the rewarding effects of abused drugs such as cocaine and opioids. In 

mouse studies, nonselective nAChR antagonist mecamylamine blocks cocaine-induced 

conditioned place preference (CPP) and behavioral sensitization. Among subtype-selective 

nAChR antagonists, the β2-selective antagonist dihydrobetaerythroidine and α7 nAChR antagonist 

methyllycaconitine (MLA), but not MLA alone prevent behavioral sensitization to cocaine. Since 

the role of the α3β4 nAChR subtype in the rewarding and behavioral effects of cocaine is 

unknown, the present study investigated the effect of two potent and selective α3β4 nAChR 

ligands, AT-1001 and AT-1012, on the acquisition of cocaine-induced CPP and behavioral 

sensitization in mice. At 5–30 mg/kg, cocaine produced robust CPP, whereas behavioral 

sensitization of locomotor activity was only observed at the higher doses (20–30 mg/kg). 

Pretreatment with AT-1001 (1–10 mg/kg) or AT-1012 (3–10 mg/kg) blocked CPP induced by 5 

mg/kg cocaine, but not by 30 mg/kg cocaine. Lower doses of AT-1001 (0.3–3 mg/kg) and 

AT-1012 (1–3 mg/kg) did not affect the increase in locomotor activity induced by 5 or 30 mg/kg 

cocaine. But AT-1001, at these doses, blocked locomotor sensitization induced by 30 mg/kg 

cocaine. These results indicate that the α3β4 nAChR play a role in the rewarding and behavioral 

effects of cocaine, and that selective α3β4 nAChR ligands can attenuate cocaine-induced 

behavioral phenomena. Since the selective α3β4 nAChR functional antagonist AT-1001 has also 

been shown to block nicotine self-administration in rats, the present results suggest that α3β4 
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nAChRs may be a target for the treatment of cocaine addiction as well as for cocaine-nicotine 

comorbid addiction.

Graphical abstract
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1. Introduction

Cocaine remains one of the most abused illicit drugs worldwide, but currently there are no 

approved medications to treat cocaine addiction. Cocaine increases extracellular dopamine 

levels in the nucleus accumbens (NAc) by blocking the dopamine transporter (DAT) on the 

nerve terminals of dopaminergic neurons in the NAc and inhibiting dopamine reuptake. 

Drug discovery efforts focused on either targeting DAT or reducing dopamine in the NAc 

have not led to effective treatments for cocaine addiction. Among other neurotransmitter 

systems and circuitries that have been shown to directly or indirectly modulate cocaine-

induced rewarding effects, the cholinergic system is of special interest. Activation of the 

nicotinic acetylcholine receptors (nAChRs), which are present throughout the 

mesocorticolimbic system, has been shown to play a major role in enhancing dopamine 

release in the mesolimbic reward circuitry [1–3], in neuroadaptive changes associated with 

cocaine abuse [4, 5] and in the rewarding and reinforcing effects of psychostimulants, 

including cocaine and amphetamines [1, 6, 7].

Several nAChR subtypes present on the cell bodies of dopaminergic neurons in the VTA 

and on terminals in the NAc have been linked to the reinforcing actions of psychostimulants. 

For instance, cocaine-induced conditioned place preference, a model of the rewarding 

effects of drugs, is significantly reduced in mice lacking the β2 nAChR subunit [8], whereas 

the β2-selective nAChR antagonist dihydro-betaerythroidine (DHβE) but not the α7-

selective antagonist methyllycaconitine (MLA), prevents cocaine-induced behavioral 

sensitization [4, 9, 10]. The nonselective nAChR antagonist mecamylamine has also been 

shown to decrease cocaine CPP in mice [8] as well as cocaine self-administration in rats [11, 

12]. More recently, it was shown that nAChRs containing the α6-subunit, but not the α4 

subunit, are important for the induction of cocaine-conditioned reward [13].

Results from several studies suggest also a role for another nAChR subtype, the α3β4* 

nAChR (* denotes possible presence of accessory subunits), in the rewarding effects of 

drugs of abuse.[14] The role of the α3β4 nAChR subtype in drug addiction behaviors is 
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intriguing given its limited distribution in the brain, in particular its low levels in the 

mesolimbic reward circuitry.[15] The α3β4* nAChR is expressed widely in the peripheral 

nervous system, but in the brain, it is only highly expressed in the medial habenula (MHb), 

interpeduncular nucleus (IPN) and fasciculus retroflexus and in far lower densities in the 

ventral tegmental area, dorsolateral tegmentum, and basolateral amygdala [16–19]. The 

recent findings from human genetic studies that polymorphisms in genes encoding the α3-

α5-β4 nAChR on chromosome 15, are associated with increased risk for tobacco 

dependence, early onset of smoking and alcohol use, and increased dependence liability, 

strongly supports the role of the α3β4* nAChR in drug-induced reinforcing behaviors [20–

24]. However, little is known about the role of this nAChR in the rewarding effects of 

psychostimulants such as cocaine.

We recently reported a series of small-molecule compounds that have high affinity and 

selectivity for the α3β4 nAChR [25–27]. Two compounds from this series, AT-1001 and 

AT-1012 have single-digit nanomolar potency for the α3β4 nAChR, and 80–100-fold 

selectivity for the α3β4 versus the α4β2 nAChRs [26, 27]. Both compounds are low efficacy 

partial agonists at the α3β4 nAChR [28] but potently inhibit epibatidine-induced Ca+2 flux 

in HEK cells transfected with α3β4 nAChRs, with an IC50 of approximately 30–60 nM [27, 

29]. In vitro electrophysiology experiments with human α3β4 nAChR-transfected oocytes 

showed that AT-1001 blocks acetylcholine (ACh) response by rapid desensitization of the 

receptor at the same concentration at which it exhibits partial agonist response, thereby 

acting as a functional antagonist at the α3β4 nAChR [28]. In vitro autoradiography in rat 

brain slices with [125I]-AT-1012 shows marked selective and localized labeling of the MHb, 

IPN and the fasciculus retroflexus, areas that contain the highest level of α3β4 nAChR [27]. 

In vivo, AT-1001 inhibits the self-administration of nicotine and cigarette smoke extract in 

rats, but does not alter food self-administration [26, 30], consistent with the suggested role 

of the α3-α5-β4 nAChR cluster on nicotine dependence found in the human genetic studies.

The aim of the present study is to examine the role of α3β4* nAChR in cocaine-induced 

behaviors, by investigating whether pharmacological antagonism of α3β4* nAChR with the 

α3β4 nAChR-selective ligands AT-1001 and AT-1012 would alter acquisition of cocaine-

induced CPP and behavioral sensitization in mice.

2. Materials and Methods

2.1. Animals

Male ICR mice (Charles River) approximately 6 weeks old, and weighing 25–30g at the 

start of the experiment were used. Animals were group-housed under standard laboratory 

conditions and were kept on a 12:12-hr day/night cycle (lights on at 7:00am). Animals were 

handled for 3–4 days before the experiments were conducted. On behavioral test days, 

animals were transported to the testing room and acclimated to the environment for 1 hr. 

Testing was conducted between 9:00am–1:00pm daily. Mice were maintained in accordance 

with the guidelines of SRI International and the Guidelines for the Care and Use of 

Mammals in Neuroscience and Behavioral Research (National Research Council, 2003) 

[31].
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2.2. Test Compounds

AT-1001 (N-(2-bromophenyl)-9-methyl-9-azabicyclo[3.3.1]nonan-3-amine) hydrochloride 

[26] and AT-1012 (N-(2-iodophenyl)-9-methyl-9-azabicyclo[3.3.1]nonan-3-amine) 

hydrochloride [32] were synthesized at Astraea Therapeutics. For behavioral experiments, 

AT-1001 and AT-1012 were dissolved in 1–2% DMSO and 0.5% aqueous 

hydroxypropylcellulose. Cocaine hydrochloride (Sigma-Aldrich, St. Louis, MO) was 

dissolved in water. Test compounds were injected in a volume of 0.1 ml/25g subcutaneously 

(s.c.). Controls received 0.1 ml/25g of the appropriate vehicles.

2.3. CPP Apparatus

The apparatus consisted of rectangular Plexiglas chambers divided into two distinct equal-

sized compartments (19cm × 22.8cm × 18cm high, Lafayette Instruments). One 

compartment had cedar-scented bedding underneath a bar grid floor and all but the front 

walls were black. The other compartment had pine-scented bedding beneath a mesh floor 

and all but the front wall were white. The front walls were transparent so that the animal’s 

behavior could be monitored. A removable partition divided the two compartments. During 

conditioning, the compartments were divided by a solid partition. On the test day, the solid 

partition was replaced with a partition that had an opening, allowing the animal free access 

to both compartments. Previous experiments using this set-up have indicated that the 

apparatus is unbiased, as untreated animals do not show a preference for one compartment 

over the other.

2.4. Conditioning Training

CPP training was conducted over three conditioning trials. Each conditioning trial was 

composed of two sessions conducted over two consecutive days. During the drug session, 

animals received a s.c. injection of test compound and were confined to one of the 

compartments for 30 min. On the other day, the vehicle session, animals received an 

injection of vehicle and were confined to the opposite compartment for 30 min. One group 

of mice received vehicle in both compartments and served as controls. These two sessions 

were repeated over six consecutive days such that animals received three drug sessions and 

three vehicle sessions, during the three conditioning trials. The particular compartment 

paired with the drug and the order of placement into the drug-paired versus saline-paired 

compartment was counterbalanced across groups.

2.5. CPP Test Day

24 hr after the last conditioning session, animals were given access to both compartments 

simultaneously for 15 min and the amount of time the animals spent in each compartment 

was recorded.

2.6. Assessment of Global Activity

During conditioning, overall activity of the animals following drug and vehicle injections 

was recorded on all days. These data were captured by the Spontaneous Motor Recording 

and Tracking software system (SMART; Panlab, Barcelona, Spain), a color image-capturing 

system that works in real time and tracks all the movements of the animal for a given 
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amount of time via a video camera connected to the computer. This system tracks and 

records all behavior that results in any movement/positional changes. We term this as 

“global activity,” because it encompasses all movement detected including fine movement, 

movement due to rearing, grooming, sniffing, and locomotor activity.

2.7. Dosing Regimen

2.7.1—Initial experiments examined the effects of AT-1001 and AT-1012 alone. Animals 

received s.c. injections of AT-1001 (0.3–10 mg/kg; N = 8–10/group) or AT-1012 (1–10 

mg/kg; N = 8/group). During the drug session, animals received a dose of the test compound 

and immediately placed in the drug-paired compartment for 30 min, whereas during the 

vehicle sessions, animals were confined to the opposite compartment following a vehicle 

injection. The two sessions were repeated over six consecutive days such that animals 

received three drug sessions and three vehicle sessions. For testing each compound, separate 

groups of mice (N = 9/group) received vehicle injections before placement into either 

compartment and served as controls.

2.7.2—The dose-dependent effects of cocaine on CPP and global activity were examined by 

testing groups of animals after s.c. injections of 1, 5, 10, 20 and 30 mg/kg cocaine (N = 8–

10/group) as described above.

2.7.3—To examine the effects of AT-1001 and AT-1012 on cocaine-induced behavior, 

separate groups of animals received pretreatment with AT-1001 (0.3, 1, 3 or 10 mg/kg, s.c., 

N = 8–16/group) or AT-1012 (1, 3 or 10 mg/kg, s.c.; N = 8/group) 10 minutes prior to 

receiving an injection of 5 mg/kg cocaine during the drug sessions. Immediately following 

the cocaine injection, animals were placed into their drug-paired compartment and tested 

using the same procedure as above.

2.7.4—The effect of AT-1001 (0.3, 1, 3 or 10 mg/kg, s.c. N = 8–16/group) on behaviors 

produced by the 30 mg/kg dose of cocaine was also examined. Using two doses of cocaine, 

5 mg/kg (the lowest dose producing CPP) and 30 mg/kg (produces CPP and robust 

behavioral sensitization), allowed us to examine separately the effects of the α3β4*–

selective ligands on cocaine-induced CPP and behavioral sensitization. Separate groups of 

mice received vehicle injections (two injections 10-min apart similar to experimental 

groups) before placement into either compartment and served as controls.

2.8. Statistical Analyses

Global activity was analyzed using a mixed ANOVA design with drug treatments (AT-1001, 

AT-1012, cocaine) as between subjects measures and injection day (first versus third) as a 

repeated measure. Significant interactions were further analyzed with one-way ANOVAs 

and Bonferroni post-hoc tests. To examine sensitization effects, following a significant 

overall ANOVA, t-tests were used to compare data from the third injection to the first 

injection. Sensitization was defined as a within-subject increase in a behavioral response 

following the third injection relative to the first injection. For the CPP test day data, a 

difference score was calculated, as time spent in the drug-paired compartment minus time 

spent in the vehicle-paired compartment. As shown by the first white bars in the figures 2A, 
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4A, 4B and 6A, vehicle animals spent the same amount of time in both compartments such 

that the difference score is not significantly different from 0 sec. Difference scores were 

analyzed using ANOVAs and significant effects were further analyzed with post-hoc tests. 

A conditioned place preference (CPP) was evident if animals spent significantly more time 

in their drug-paired compartment, resulting in a positive difference score relative to control 

animals. A conditioned place aversion (CPA) was evident if animals spent significantly less 

time in their drug-paired compartment resulting in a negative difference score compared to 

vehicle controls. The level of significance was set at P< 0.05.

3. Results

3.1. Cocaine dose-response curve for CPP and sensitization to global activity in ICR mice

Cocaine induced a dose-dependent CPP (F5,53=7.6, P<0.05, Figure 2A). All doses except 1 

mg/kg produced a significant CPP (P<0.05). Cocaine administration also caused dose-

dependent changes in global activity and behavioral sensitization (Figure 2B). The overall 

ANOVA indicated a significant dose × injection day interaction (F5,53=12.8, P<0.05). 

Following the first and third injections, 20 and 30 mg/kg cocaine produced an increase in 

global activity compared to vehicle controls. Furthermore, at the 20 and 30 mg/kg cocaine 

dose, sensitization of cocaine-induced global activity was also evident, as a significant 

increase in activity after the third injection compared to the first injection (P<0.05). In 

contrast, vehicle controls and 1 mg/kg cocaine produced a significant decrease in global 

activity after the third injection relative to the first injection (P<0.05), indicative of the 

development of familiarity with the environment.

3.2. Effect of AT-1001 and AT-1012 alone on CPP and Global Activity

The effect of repeated injections of AT-1001 and AT-1012 alone on place conditioning is 

shown in Table 1. The overall ANOVAs showed no significant effects for both AT-1001 

and AT-1012 indicating they did not produce CPP or CPA (n.s.).

During conditioning, overall activity was assessed following the first and third injections of 

AT-1001 (Figure 3A) and AT-1012 (Figure 3D). For AT-1001, the overall ANOVA 

indicated that there was a significant main effect of dose (F4, 40=11.3, P<0.05). The two 

highest doses (3 and 10 mg/kg) of AT-1001 produced a decrease in global activity following 

the first and third injections relative to vehicle controls (P<0.05). These animals were curled 

up in a ball with their eyes closed but without any motor deficits as muscles were not rigid 

or flaccid. The mice were easily aroused when nudged and removed from the conditioning 

compartments. The time course of the decrease in global activity was plotted in 5-min bins 

across the 30-min conditioning session, after the first and third injections (Figures 3B and 

3C). The 0.3 and 1.0 mg/kg doses of AT-1001 were not statistically different from vehicle 

controls throughout the 30-min test session following acute (first) and repeated (third) 

injections. However, the 3 mg/kg dose produced a decrease in activity that was evident after 

the first 10-mins following the first injection and after 15-mins following the third injection. 

The 10 mg/kg dose produced a decrease in activity that was significantly different compared 

to controls within the second 5-min bin following the first and third injections. Similarly, the 

overall ANOVA for AT-1012 alone indicated a significant main effect of dose (F3, 29=16.5, 
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P<0.05). The highest dose (10 mg/kg) of AT-1012 produced a decrease in global activity 

following the first and third injections relative to vehicle controls (P<0.05) (Figure 3D). 

Looking at the time course of global activity across the 30-min session post-injection, 1 and 

3 mg/kg AT-1012 produced no differences from vehicle controls at any time point, whereas 

the decrease in activity produced by the 10 mg/kg dose was evident after the first 5-mins 

following the first injection and after 10-mins following the third injection (Figures 3E and 

3F).

3.3. Effect of AT-1001 and AT-1012 on CPP induced by 5 mg/kg cocaine

AT-1001 (0.3–10 mg/kg) was tested for its ability to attenuate CPP induced by 5 mg/kg 

cocaine. AT-1001 pretreatment dose-dependently blocked CPP induced by 5 mg/kg cocaine 

(F5,73=2.7, p<0.05, Figure 4A). Animals that received 5 mg/kg cocaine alone or with 0.3 

mg/kg AT-1001 pretreatment spent significantly more time in their drug-paired 

compartment resulting in a positive difference score (difference score of 250 s and 196 s, 

respectively) relative to vehicle controls (21 s). However, animals that received a 

pretreatment of 1–10 mg/kg AT-1001 prior to 5 mg/kg cocaine during conditioning spent a 

similar amount of time in their drug-paired compartment relative to vehicle controls (n.s.) 

and spent significantly less time in the drug-paired compartment relative to cocaine alone (5 

mg/kg; P<0.05) demonstrating a significant attenuation of cocaine CPP for these dose 

groups.

Similarly, AT-1012 also blocked CPP induced by 5 mg/kg cocaine (F4,37=4.0, p<0.05; 

Figure 4B). Pretreatment with 1 mg/kg AT-1012 did not attenuate cocaine-induced CPP, 

whereas 3 and 10 mg/kg AT-1012 attenuated cocaine CPP compared to 5 mg/kg cocaine 

alone (P<0.05).

3.4. Effect of AT-1001 and AT-1012 on Global Activity induced 5 mg/kg cocaine

At 0.3–3 mg/kg, AT-1001 did not alter the increase in global activity induced by 5 mg/kg 

cocaine following acute or repeated administration (Figure 5A). The overall ANOVA 

indicated a significant main effect of dose (F5,73=24.1, P<0.05) and 5 mg/kg cocaine alone 

produced a significant increase in global activity relative to vehicle controls (P<0.05) that 

was not altered by pretreatment with 0.3–3 mg/kg AT-1001. However, 10 mg/kg AT-1001 

suppressed cocaine-induced hyperactivity and resulted in a significant decrease in global 

activity relative to vehicle controls (P<0.05). Levels of global activity observed in cocaine-

treated animals pretreated with 10 mg/kg AT-1001 were similar to those observed after 10 

mg/kg AT-1001 was given alone (see above; Figure 3A).

Similarly, only the highest dose of 10 mg/kg AT-1012 significantly decreased cocaine-

induced global activity induced by 5 mg/kg cocaine (F4,37=19.1, P<0.05; Figure 5B) as 

pretreatment with 1 and 3 mg/kg AT-1012 did not alter cocaine-induced hyperactivity 

following acute and repeated administration.

3.5. Effect of AT-1001 on CPP and Global Activity induced by 30 mg/kg cocaine

The effect of AT-1001 pretreatment on CPP produced by 30 mg/kg cocaine is shown in 

Figure 6A. The overall ANOVA indicated that there was a significant main effect of dose 
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when AT-1001 was given as a pretreatment 10 minutes prior to 30 mg/kg cocaine 

(F5,99=4.5, P<0.05). As expected, 30 mg/kg cocaine alone produced a robust CPP and 

pretreatment with 0.3, 3, and 10 mg/kg AT-1001 did not affect cocaine-induced CPP. 

Although pretreatment with 1 mg/kg AT-1001 did not produce CPP, the effect was not 

significantly different than that of cocaine alone. Taken together, the data indicate that at 30 

mg/kg cocaine, AT-1001 did not consistently or significantly attenuate cocaine-induced 

CPP.

However, AT-1001 dose-dependently decreased sensitization of global activity induced by 

30 mg/kg cocaine (F5,99=6.6, P<0.05; Figure 6B). Cocaine (30 mg/kg) alone produced an 

increase in global activity relative to controls following the first injection (P<0.05). After the 

third injection, animals that received cocaine alone showed a further increase in activity 

relative to the first injection, indicating behavioral sensitization. Pretreatment with 0.3–3 

mg/kg AT-1001 prior to 30 mg/kg cocaine also increased global activity, following the first 

injection, similar to that produced by cocaine alone. After the third injection, animals 

pretreated with 0.3 and 1 mg/kg AT-1001 still exhibited an increase in global activity, 

however the increase in activity was similar to that observed after the first injection. Since 

the 0.3 and 1 mg/kg doses of AT-1001 alone did not decrease global activity (Figure 3A), it 

is possible that at these two lower doses, AT-1001 blocked the acquisition of cocaine-

induced behavioral sensitization of global activity, without blocking the locomotor stimulant 

effect of cocaine per se.

However, animals receiving a pretreatment of 3 mg/kg AT-1001 prior to cocaine exhibited a 

lower level of hyperactivity compared to that with cocaine alone. With the highest dose of 

AT-1001 (10 mg/kg), cocaine-induced hyperactivity was blocked after the first and third 

injections. Since the higher doses of AT-1001 (3 and 10 mg/kg) produce a nonspecific 

decrease in activity (Figure 3A), both the stimulant and behavioral sensitization effects of 

cocaine are blocked at these doses (Figure 6B).

4. Discussion

The α3β4-selective nAChR ligands AT-1001 and AT-1012, which do not induce a place 

preference or aversion in mice per se (Table 1) significantly and dose-dependently 

suppressed acquisition of cocaine CPP induced by a low (5 mg/kg) dose of cocaine. The 

minimal effective doses for decreasing preference for the cocaine-paired compartment 

(reduction of the difference score) were 1 mg/kg (AT-1001, Fig. 4A) and 3 mg/kg 

(AT-1012, Fig. 4B). This effect of AT-1001 and AT-1012 is specific at doses below 10 

mg/kg, since at these doses, the compounds either given alone or combined with cocaine, do 

not decrease overall activity of the animals (Fig. 3 and Fig. 5). These results suggest that the 

α3β4* nAChR, which play a role in nicotine addiction and smoking behavior as shown by 

human genetic studies [20–22] and animal knockout experiments [33–35] may also be 

involved in the rewarding effects of cocaine and possibly other psychostimulants.

Previous studies with the nonselective nAChR antagonist mecamylamine had provided 

pharmacological evidence that the cholinergic system is involved in psychostimulant 

reward, and that nAChR antagonism could be an approach to reduce psychostimulant 
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addiction. Mecamylamine attenuated CPP induced by a 5 mg/kg dose of cocaine in mice [8] 

and decreased cocaine self-administration in rats [11, 36]. Several nAChR subtypes are 

thought to mediate the cholinergic mechanisms that underlie cocaine dependence. Mice null 

for the β2 nAChR subunit show decreased cocaine CPP [8] whereas α6 knockout mice do 

not develop cocaine CPP [13]. Interestingly, Sanjakdar and colleagues also reported that the 

α6β2* nAChR-selective antagonist, α-conotoxin MII blocked cocaine CPP both in α4 

knockout and wild-type mice, further corroborating the importance of the β2 and the α6 

nAChR subunit in mediating cocaine’s rewarding effects. Our pharmacological approach, 

using α3β4 nAChR-selective functional antagonists adds to this body of data and implicates 

a contribution of the α3β4 nAChR subtype to the rewarding effects of cocaine. These results 

are consistent with reports that 18-methoxycoronaridine (18-MC), a semisynthetic ibogaine 

derivative that is an α3β4 nAChR antagonist [37] decreases acquisition of cocaine CPP [38] 

and cocaine self-administration [39]. However, 18-MC is not very selective for the α3β4 

nAChR [40], and it cannot be ruled out that other neurotransmitter systems contribute to the 

anti-addictive effects of 18-MC. In contrast, AT-1001 and AT-1012 have nanomolar affinity 

for the human and rat α3β4 nAChR, are >80-fold selectivity for the α3β4 nAChR compared 

to the α4β2 and α7 nAChR [26, 27, 29] and do not significantly bind to other non-nicotinic 

receptors [26]. We recently showed that AT-1001 has low efficacy partial agonist activity at 

the human α3β4 nAChR transfected into oocytes, showing approximately 30% of the 

efficacy of acetylcholine [28]. However, at concentrations at which it produces a partial 

agonist effect, AT-1001 causes significant desensitization of the ACh response, thus 

effectively antagonizing any further agonist-induced activation [28]. Therefore, although 

AT-1001 and closely-related compounds like AT-1012 have partial agonist activity at the 

α3β4 nAChR, they can act as potent ‘functional antagonists’ of human α3β4 nAChRs, and 

prevent the agonist (ACh or nicotine)-induced response.

Taken together, the inhibition of cocaine-induced CPP by AT-1001 and AT-1012 observed 

in the present study suggests that cholinergic activation via the α3β4 nAChR is important for 

producing rewarding effects of cocaine (and in cocaine-induced behavioral sensitization, as 

discussed below), and that antagonism of the ACh response via the α3β4 nAChR is 

sufficient to elicit a reduction in these rewarding effects, as observed in the CPP paradigm. 

Future studies with β4 nAChR knockout animals similar to the CPP studies with β2 nAChR 

knockout mice [8] would be useful to confirm the involvement of the β4 nAChR-containing 

subtype in cocaine-induced reward.

The effects of α3β4 nAChR partial agonists on cocaine-induced CPP warrants a discussion 

on the possible neurotransmitter systems and circuitries involved. It is thought that the main 

neurochemical correlate of the rewarding effect of cocaine is elevated extracellular 

dopamine (DA) concentrations in the NAc via inhibition of DA reuptake. But direct 

injections of of cocaine into the NAc fail to produce CPP in mice [41] whereas systemic 

cocaine injections elicit robust CPP (this study and others). Therefore, other brain regions 

have to be involved in the development of cocaine CPP and increased NAc DA levels. There 

is a large body of data showing that glutamatergic (see [42]) and cholinergic activation (see 

[3]) of the VTA play important roles in activating DA neurons terminating in the NAc. 

However, the cholinergic neurotransmission modulating cocaine-induced activation of the 

DA pathways, and thus the rewarding effects, is quite complex, because of the extensive 
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distribution of different nAChRs subtypes that modulate DA function in the mesolimbic DA 

pathways. For example, β2* nAChR are expressed on cell bodies of DA and GABA neurons 

originating in the VTA and in the terminals of these neurons in the NAc. While there seems 

to be a direct neuronal circuit linking the β2* nAChR expressing neurons to NAc DA 

release, the circuitry involved in the α3β4* nAChR’s modulation of the rewarding effects of 

cocaine is not clear, particularly given the limited and specific localization of this nAChR 

subtype in the brain. By far the highest concentrations of the α3β4* nAChRs in the brain are 

in the MHb, IPN and the fasciculus retroflexus (fr) linking these two brain structures. We 

have shown, using in vitro autoradiography in rat brain slices, that [125I]-AT-1012 only 

labels the MHb, IPN and fr, with low to no labeling in other brain regions [27], confirming 

the specificity of this ligand for the α3β4 nAChR. While there is significant evidence that a 

direct pathway exists between the lateral habenula and the VTA, it is not known if the 

medial habenula or the IPN circuitry can directly alter the functioning of midbrain 

dopaminergic pathways leading to the VTA. There is, however, a small subpopulation of 

MHb neurons that have been shown to innervate the LHb [43], suggesting the possibility of 

the MHb regulating the VTA via the LHb. However, this has not yet been established, and 

further studies are needed to understand the signaling from the MHb/IPN to other brain 

regions involved in various aspects of cocaine and nicotine drug addiction.

Though cocaine elicits a robust CPP in doses ranging from a low dose of 5 mg/kg to higher 

doses of 30 mg/kg (Fig. 2), the locomotor and behavioral sensitization to repeated cocaine 

injections is only observed at the higher doses of 20 mg/kg and above (Fig. 2). These results 

are similar to those from other laboratories that reported behavioral sensitization in mice 

only observed with doses of cocaine 20 mg/kg or higher [4, 8, 44]. Interestingly, however, 

AT-1001, at the low doses of 0.3 and 1 mg/kg (at which it does not decrease overall 

activity), selectively decreased the behavioral sensitization observed with the third injection 

of 30 mg/kg cocaine, without attenuating the cocaine-induced increase in global activity 

post-injection (Fig. 6B). These effects of AT-1001 are distinctly unlike the effects of 

antipsychotics such as haloperidol, which block cocaine-induced locomotor sensitization but 

also attenuate cocaine-induced locomotor activity at the same doses [45, 46].

Previous studies have shown that psychostimulant reward and locomotor stimulation, as 

measured by the CPP paradigm, can occur through independent pathways [47]. Behavioral 

sensitization to pscyhostimulant and nicotine administration, defined as the progressive 

increase in locomotor activity upon repeated administration of the drug, is considered to be 

indicative of neuroadaptations that maintain the addicted state [48, 49]. These 

neuroadaptations primarily occur in the VTA [50] where nAChRs are abundantly expressed 

both dopaminergic and non-dopaminergic cell bodies, as well as on the terminals of 

glutamatergic afferents from the prefrontal cortex. Indeed, sensitization of the cocaine 

response was shown to correlated to upregulation of α4β2 nAChR in the VTA, but not those 

in the NAc [44]. The specific involvement of the VTA nAChR but not the accumbal nAChR 

was further corroborated by studies that showed that intra-accumbal injections of the β4 

nAChR antagonist DHβE had no effect on cocaine-induced behavioral sensitization [9] 

whereas systemic DHβE injections suppressed the expression of behavioral sensitization 

after chronic cocaine administration [4]. The same study also showed that mecamylamine 

pretreatment completely prevented cocaine-induced behavioral sensitization, further 
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confirming that nicotinic cholinergic antagonists can inhibit the development and expression 

of behavioral sensitization to cocaine. In this context, our results showing that the α3β4 

nAChR-selective antagonist AT-1001 inhibits behavioral sensitization to repeated injections 

of cocaine are in line with the above observations with other nicotinic antagonists. However, 

the α3β4* nAChR have limited and specific neuroanatomical localization in the MHb-fr-

IPN, which are not directly or functionally connected with VTA [15, 51]. Our results 

therefore suggest that there may be cholinergic pathways other than those converging into 

the VTA that are activated during the development of behavioral sensitization to cocaine. 

These remain to be determined and would indeed expand the understanding of role of 

cholinergic activation in psychostimulant drug effects.

We have previously shown that AT-1001 blocks nicotine self-administration [26] and 

nicotine-induced reinstatement in rats [29], at doses similar to those in this study, at which it 

showed a decrease in acquisition of cocaine CPP and blockade of cocaine-induced 

behavioral sensitization. Nicotine and cocaine addiction often occur as co-morbid 

addictions, and human clinical and epidemiological reports show that cocaine-dependent 

individuals exhibit higher rates of cigarette smoking [52, 53], while cigarette smoking can 

predispose adolescent individuals to other forms of drug abuse [54]. Our results with the 

AT-1001 class of potent and selective α3β4 nAChR antagonists, in this and previous studies, 

suggest that the α3β4 nAChR are involved in the cholinergic activation of drug addiction, 

and that α3β4 nAChR are a valuable target for medications to treat nicotine and cocaine 

addiction. The AT-1001 class of α3β4 functional antagonists are promising for development 

as smoking cessation medications and cocaine/drug abuse pharmacotherapy.
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Figure 1. 
Chemical structures of α3β4 nAChR ligands AT-1001 and AT-1012
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Figure 2. Dose response curve for cocaine CPP (A) and global activity (B)
Data are mean (± SEM) Difference score calculated as time spent in the drug-paired 

compartment minus time spent in the vehicle-paired compartment (A) or activity (cm) 

following first and last drug injection (B). For the conditioning sessions, animals received an 

s.c. injection of their assigned dose of cocaine or vehicle and were immediately placed into 

their designated compartment. *, P<0.05, significant difference from vehicle controls. †, 

P<0.05, significant difference from the first injection.
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Figure 3. Effects of AT-1001 (A–C) and AT-1012 (D–F) on global activity
Figures 3A and 3D are mean (± SEM) total activity (cm) during the 30-min conditioning 

session following the first drug injection (first conditioning trial) and last drug injection 

(third conditioning trial). Figures 3B, 3C, 3E, and 3F are the time course data of activity (cm 

± SEM) in 5-min bins during the 30-min session. Throughout conditioning, animals received 

a s.c. injection of the test compound and were immediately placed in the drug-paired 

compartment for 30 min. Separate groups of mice received vehicle injections before 

placement into either compartment and served as controls. *, P<0.05, significant difference 

from vehicle controls.

Khroyan et al. Page 17

Biochem Pharmacol. Author manuscript; available in PMC 2016 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Effects of AT-1001 (A; 0.3–10mg/kg) and AT-1012 (B; 1–10 mg/kg) on CPP induced by 
5 mg/kg cocaine
Data are mean (± SEM) Difference score calculated as time spent in the drug-paired 

compartment minus time spent in the vehicle-paired compartment. *, P<0.05, significant 

difference from vehicle controls. △, P<0.05, significant difference from cocaine alone.
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Figure 5. Effects of AT-1001 (A; 0.3–10 mg/kg) and AT-1012 (B; 1–10mg/kg) on global activity 
induced by 5 mg/kg cocaine
Data are mean (± SEM) activity (cm) following the first and last drug injection. For drug-

paired sessions during conditioning, animals received an s.c. injection of AT-1001 or 

AT-1012 10 minutes prior to receiving an injection of 5 mg/kg cocaine and were placed 

immediately into their designated compartment. Vehicle controls received two injections 10-

min apart and animals were placed into test compartments immediately following the second 

injection. *, P<0.05, significant difference from vehicle controls. △, P<0.05, significant 

difference from cocaine alone.
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Figure 6. Effects of AT-1001 (0.3–10mg/kg) on CPP (A) and global activity (B) induced by 30 
mg/kg cocaine
Data are mean (± SEM) Difference score calculated as time spent in the drug-paired 

compartment minus time spent in the vehicle-paired compartment (A) or activity (cm) 

following the first and last drug injection (B). For drug-paired sessions during conditioning, 

animals received an s.c. injection of AT-1001 10 minutes prior to receiving an injection of 

30 mg/kg cocaine and were placed immediately into their designated compartment. Vehicle 

controls received two injections 10-min apart and animals were placed into test 

compartments immediately following the second injection. *, P<0.05, significant difference 

from vehicle controls. △, P<0.05, significant difference from cocaine alone.†, P<0.05, 

significant difference from the first injection.
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TABLE 1

Potential rewarding/aversive effects of AT-1001, AT-1012, and their respective controls as measured by the 

CPP paradigm. Data are mean (± SEM) difference score calculated as time spent in the drug-paired 

compartment minus time spent in the vehicle-paired compartment.

Compound Dose (mg/kg, s.c) Difference Score (s)

AT-1001

0.0 11.1 ± 37.2

0.3 125 ± 50.0

1.0 −48.0 ± 76.2

3.0 −76.0 ± 66.9

10.0 0.4 ± 55.4

AT-1012

0.0 27.22 ± 37.94

1.0 −62.1 ± 38.0

3.0 −28.9 ± 63.7

10.0 −68.1 ± 63.6
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