
 

1 
 

Accepted Manuscript 

Accepted Manuscript (Uncorrected Proof) 

 

Title: Intra-Accumbal Administration of Mecamylamine Reverses the Effects of Cytisine on 

the Operant Oral Self-Administration of Ethanol in Rats  

 

Running Title: Mecamylamine Reduced EtOH Self-Administration 

 

Authors: Juan C Jimenez1, Rosa I Ruiz Garcia1, Benita Cedillo-Ildefonso1, David Hernandez1, 

Florencio Miranda1,* 

 

 

1. Facultad de Estudios Superiores Iztacala Av. De los Barrios 1 Los Reyes Iztacala Tlalnepantla Estado 

de México, México. 

 

 

*Corresponding Author: Florencio Miranda, Facultad de Estudios Superiores Iztacala Av. De 

los Barrios 1 Los Reyes Iztacala Tlalnepantla Estado de México, México. Email: 

fmirandah@yahoo.com 

 

 

 

To appear in: Basic and Clinical Neuroscience 

 

 

Received date: 2022/10/12 

Revised date: 2023/02/14 

Accepted date: 2023/02/12 



 

2 
 

This is a “Just Accepted” manuscript, which has been examined by the peer-review process 

and has been accepted for publication. A “Just Accepted” manuscript is published online 

shortly after its acceptance, which is prior to technical editing and formatting and author 

proofing. Basic and Clinical Neuroscience provides “Just Accepted” as an optional and free 

service which allows authors to make their results available to the research community as 

soon as possible after acceptance. After a manuscript has been technically edited and 

formatted, it will be removed from the “Just Accepted” Web site and published as a published 

article. Please note that technical editing may introduce minor changes to the manuscript text 

and/or graphics which may affect the content, and all legal disclaimers that apply to the 

journal pertain.  

 

Please cite this article as: 

Jimenez, J.C., Ruiz Garcia, R.I., Cedillo-Ildefonso, B., Hernandez, D., Miranda, F. Intra-

Accumbal Administration of Mecamylamine Reverses the Effects of Cytisine on the Operant 

Oral Self-Administration of Ethanol in Rats. Basic and Clinical Neuroscience. Just Accepted 

publication Jul. 10, 2023. Doi: http://dx.doi.org/10.32598/bcn.2023.4730.1 

DOI: http://dx.doi.org/10.32598/bcn.2023.4730.1 

 



 

3 
 

ABSTRACT 

Introduction: It has been suggested that nicotinic acetylcholine receptors (nAchRs) expressed 

in the ventral tegmental area and the nucleus accumbens (nAcc) play a modulatory role in the 

effects of drugs of abuse. This research was designed to assess the effects of intra-accumbal 

administration of the nAchR antagonist mecamylamine and agonist cytisine on the operant oral 

self-administration of ethanol (EtOH) in rats. 

Methods: Male Wistar rats were water deprived for 24 h and then trained to lever-press for 

EtOH reinforcement on a FR1 schedule for three sessions; thereafter, the number of responses 

in the FR schedule was increased to 3 until the response rate remained stable at 80%. After this 

training, the rats received an intra-accumbal injection of the nAchR antagonist mecamylamine 

(0.0, 1.25, 2.5, 5.0 µg), then nAchR agonist cytisine (0.0, 0.8, 1.6, 3.2 µg) or the combination 

of mecamylamine (0.0, 1.25, 2.5, 5.0 µg) and cytisine (3.2 µg) before being provided access to 

EtOH on a FR3 schedule. 

Results: The data showed that intra-accumbal administration of mecamylamine reduced 

operant oral self-administration of EtOH, whereas cytisine increased operant oral self-

administration of EtOH. This effect was reversed by mecamylamine. 

Conclusions: These findings suggest that nAchRs in the nAcc may modulate the operant oral 

self-administration of EtOH in rats. 

 

Keywords: Nicotinic acetylcholine receptors, Ethanol, Nucleus accumbens, Ethanol self-

administration. 
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Highlights 

The mesocorticolimbic dopamine (DA) system plays a role in the addiction to EtOH 

DA release into the nAcc by VTA presynaptic DA terminals is controlled by nicotinic 

acetylcholine receptors (nAchRs) 

Activation or blockade of nAchRs in the nAcc could also have a modulatory effect on EtOH-

related behaviors 

Intra-nAcc administration of nAchR ligands modulates oral EtOH self-administration 

 

Plain language 

Addiction to ethyl alcohol or ethanol (EtOH), also known as alcoholism, is a major public 

health problem around the world. The dopamine (DA) pathway in the brain reward system 

plays a key role in mediating the addictive effects of EtOH and other drugs of abuse. It has 

been suggested that DA release into the nucleus accumbens (nAcc) by ventral tegmental area 

presynaptic DA terminals is controlled by nicotinic acetylcholine receptors (nAchRs). The 

current study examined the effects of intra-accumbal administration of the nAchR antagonist 

mecamylamine and agonist cytisine on the operant oral self-administration of ethanol (EtOH) 

in rats. We found that mecamylamine reduced oral self-administration of EtOH, whereas 

cytisine showed an increase. The effects of cytisine were reversed by mecamylamine. 
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1.-INTRODUCTION 

 

Ethyl alcohol or ethanol (EtOH) abuse is a major public health problem around the world 

(World Health Organization, 2018), including in Mexico (ENCODAT, 2017). Therefore, it is 

of fundamental importance to study the neurobiology of EtOH-related behaviors. The 

mesocorticolimbic dopamine (DA) system plays a key role in mediating the addictive effects 

of EtOH and other drugs of abuse. This system comprises DAergic neurons in the ventral 

tegmental area (VTA) that project their axons to the nucleus accumbens (nAcc), prefrontal 

cortex, amygdala and other limbic structures. EtOH interacts with several neurotransmission 

systems to produce its reinforcing effects, such as the glutamate (Woodward, 2000), serotonin 

(Sari, 2013; Yan, Zheng, Feng, & Yan, 2005), norepinephrine (Weinshenker, Rust, Miller, & 

Palmiter, 2000), glycine (Söderpalm, Lidö, & Ericson, 2017) and GABA (Koob, 2004) 

systems. 

 

DA release into the nAcc by VTA presynaptic DA terminals is controlled by several other 

neurotransmitters, such as acetylcholine (Ach). Ach is released from cholinergic interneurons 

(iAch) within the nAcc and acts on nicotinic Ach receptors (nAchRs) and muscarinic Ach 

receptors. nAchRs are expressed on DAergic nerve endings. Optogenetic activation of iAch 

elicits DA release in the nAcc (Cachope, Mateo, Mathur, Irving, & Wang, 2012) and could 

modulate the effects of drugs of abuse. For example, it has been reported that the nAchR 

antagonist mecamylamine reduces cocaine self-administration in rats (Hansen & Mark, 2007) 

and blocks the acquisition of reinforcement for remifentanil, a potent synthetic opioid (Crespo, 

Sturm, Saria, & Zernig, 2006), nicotine-induced locomotor activity (Bevins & Besheer, 2001) 

and nicotine self-administration (Ding, Gao, Sentir, & Tan, 2021). In addition, it has also been 

reported that the nAchR partial agonist varenicline decreases methamphetamine intake in rats 

(Kangiser, Dwoskin, Zheng, Crooks, & Stairs, 2018). 

 

These data suggest that the activation or blockade of nAchRs in the nAcc could also have a 

modulatory effect on EtOH-related behaviors. Therefore, this study was designed to evaluate 

the effects of cytisine and mecamylamine, a nAchR agonist and antagonist, respectively, on 

operant oral EtOH self-administration in rats. 

 

2.- MATERIALS AND METHODS 

 

Subjects 

Male Wistar rats weighing 250-300 g at the beginning of the experiment were used. The rats 

were individually housed in standard plastic rodent cages in a colony room maintained at a 

temperature of 21°C (± 1°C) under a 12 h light/dark cycle (lights on at 6:00 am) and had 

continuous access to water and food (Teklad LM485 Rat Diet from Harlan, Mexico City, 

Mexico). All experiments were conducted during the light phase (between 11:00 am and 1:00 

pm). Animal care and handling procedures were conducted in accordance with the Official 

Mexican Norm (NOM-062-ZOO-1999) entitled “Technical Specifications for the Production, 

Care, and Use of Laboratory Animals”. 
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Apparatus 

Training and testing were conducted in five modular operant test chambers (30.5 cm long by 

24 cm wide by 25 cm high) housed inside sound-attenuating cabinets with a ventilation fan 

(MED-008-D1 model; Med Associates, St. Albans, VT). Each chamber was equipped with two 

4.5 cm wide retractable levers elevated 6.5 cm above the floor of the chamber and a stimulus 

light located 6 cm above each lever. A force of 0.25 N was required to activate the microswitch, 

and responses were reinforced with access to water (0.01 ml) or EtOH (0.01 ml). The 

availability of liquids was signaled by a light on the wall in front of the drinking cup that would 

light up for the duration of liquid delivery. The chambers were connected to a PC equipped 

with software for programming sessions as well as data recording. 

 

Drugs 

 

Ethyl alcohol or ethanol (99.91%) was purchased from J. T. Baker (Mexico City, Mexico), and 

cytisine ((1R,5S)-1,2,3,4,5,6-hexahydro-1,5-methano-8H-pyrido[1,2-a][1,5]diazocin-8-one) 

and mecamylamine ((1R,2S,4S)-rel-N,2,3,3-tetramethylbicyclo [2.2.1]heptan-2-amine 

hydrochloride) were purchased from Tocris Bioscience (Ballwin, MO, USA). Ethanol was 

diluted in filtered tap water (12% v/v). Cytisine and mecamylamine were dissolved in saline. 

All drugs were prepared fresh daily. 

 

Surgical procedure for intracerebral cannulation 

 

Rats were anesthetized with a ketamine:xylazine mixture (22.5 mg/kg:112.5 mg/kg, ip) and 

placed in a stereotaxic frame (Stoelting, Wood Dale, Illinois, USA). A guide cannula (23 G, 

22 mm long; BD Precision Glide, Becton Dickinson and Co., Mexico) was unilaterally 

implanted in the right hemisphere of the rat brain (unilateral implantation produces less damage 

to brain tissue than bilateral implantation. In addition, it has been reported that in some 

behavioral paradigms did not find evidence for a superiority of one or other hemisphere 

[Schildein, Huston, & Schwarting, 2002]) 0.2 mm above the nAcc shell (AP +1.4 mm, ML 0.6 

mm, DV 4.6 mm relative to bregma, 22° angle from vertical) according to the stereotaxic atlas 

of Paxinos and Watson (2007). After surgery, all animals were injected with an antibiotic 

(benzathine penicillin 300,000 Ul/kg im) to prevent infection. The rats were allowed a 5-days 

postoperative recovery period. 

 

Histology 

 

After intra-nAcc administration of the cholinergic ligands, the rats were killed with a lethal 

dose of halothane (5%), and the brains were removed from the skull and preserved in 10% 

formaldehyde/saline solution for 1 week. The brains were then frozen and cut into 300 μm 

serial coronal slices on a vibratome. The injection sites were verified under a light microscope. 
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Behavioral procedures 

 

Access to one bottle of water or EtOH solution 

 

Rats were trained for 7 days to drink water in a 30 min period. After this training, the rats were 

placed in the experimental cages, where they had access to one bottle of water or EtOH solution 

for 30 min. 

 

Training and testing procedure for operant oral EtOH self-administration 

 

The timeline of the general procedure is shown in Fig. 1. The training and testing procedures 

were similar to those previously described (Jimenez et al., 2022). This experimental procedure 

leads to stable baseline of responses under FR schedule of reinforcement of oral self-

administration of EtOH. For the first 7 days, tap water availability was restricted to 30 min of 

access to one bottle of water in the home-cages. For the next 4 days, the rats had 30 min access 

to one bottle of 12% EtOH solution. After this training, the rats were water deprived for 24 h 

and then trained in operant conditioning chambers to press a lever for water reinforcement on 

a fixed-ratio 1 (FR1) schedule in 30-min daily sessions for 3 consecutive days. After these 

training sessions, the rats were provided access to 12% EtOH solution on a FR1 schedule of 

reinforcement for 3 consecutive days. Thereafter, the number of responses in the FR schedule 

was increased to 3, i.e., each third response was reinforced with 12% EtOH (0.01 ml), until the 

response rate remained stable at 80% for 3 consecutive days. Once a stable response ratio was 

established, the effects of cholinergic receptor ligands were evaluated by injecting the rats with 

dose 1 of drug 1 and providing them access to 12% EtOH solution on a FR3 schedule of 

reinforcement for a 30-min session. After this test, reinstatement sessions were performed 

under conditions identical to those experienced by the rats previous to the test session. A cycle 

of 12% EtOH solution reinforcement on a FR3 schedule-test-12% EtOH solution 

reinforcement on a FR3 schedule was applied until all doses of the drugs were evaluated. 

 

Acute effects of intra-nAcc administration of cholinergic receptor ligands on water intake 

 

To investigate the acute effects of cytisine and mecamylamine on water intake, we conducted 

an initial experiment. The effects of different doses of cytisine (0.0, 0.8, 1.6, 3.2 µg) and 

mecamylamine (0.0, 1.25, 2.5, 5.0 µg) were assessed in different groups of rats (n=6) according 

to the procedure described in the access to one bottle of water section. The doses of cytisine 

and mecamylamine were chosen according on previous behavioral studies in which these drugs 

had been injected either into the nAcc or the VTA (cytisine: Reavill & Stolerman, 1990; 

mecamylamine: Collins, Aitken, Greenfield, Ostlund, & Wassum, 2016; Pratt & Kelley, 2004; 

Schildein, Huston, & Schwarting, 2002). 

 

Effects of intra-nAcc administration of a cholinergic receptor agonist and antagonist on operant 

oral EtOH self-administration 
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In this experiment, a within-subjects design in which a group of rats (n=10) was trained 

according to the procedure described in the training and testing procedure for operant oral 

EtOH self-administration section was used. After the response rate for 12% EtOH remained 

stable at 80% on a FR3 schedule for 3 consecutive days, the rats underwent implantation of a 

guide cannula according to the surgical procedure for intracerebral cannulation described 

above. After the surgery, the rats were allowed a 5-days recovery period. Following recovery, 

the rats were retrained to lever press for 12% EtOH solution reinforcement on a FR3 schedule 

until the response rate remained stable at 80% for 3 consecutive days. The effects of intra-nAcc 

administration of different doses of cytisine (0.0, 0.8, 1.6, 3.2 µg), mecamylamine (0.0, 1.25, 

2.5, 5.0 µg) and coadministration of cytisine (3.2 µg) and mecamylamine (0.0, 1.25, 2.5, 5.0 

µg) were tested, with one dose being evaluated per test session. A pharmacological strategy to 

confirm if the cytisine is acting through nAchRs is to administrate an antagonist such as 

mecamylamine that binds to nAchRs. The drugs were administered by microinjection with 

calibrated polyethylene tubing connected to Hamilton syringes, and the animals were placed in 

the chambers for data recording10 min later. The rate of infusion was 0.5 μl/min. After 

administered of each tested dose, the rats were retrained to lever press for 12% EtOH solution 

reinforcement on a FR3 schedule until the response rate remained stable at 80% for 3 

consecutive days. The dose to be tested was randomly chosen. 

 

Statistical analysis 

 

Statistical analyses were performed using IBM SPSS Statistics 22 software. The data were 

expressed as the mean ( standard error) of water or EtOH intake (ml) or mean number of lever 

presses ( standard error). The data obtained during the evaluation of the acute effects of 

cytisine and mecamylamine on water intake were analyzed using one-way analysis of variance 

(ANOVA). The mean number of lever pressed in the training and testing procedure for operant 

oral EtOH self-administration was analyzed using one-way ANOVA for repeated measures. 

When the ANOVA results were significant, Bonferroni’s test (p<0.05) was used to perform 

post hoc comparisons. 

 

3.- RESULTS 

 

Acute effects of intra-accumbal administration of cholinergic receptor ligands on water intake 

 

The results of this experiment revealed that neither cytisine (F[4,29]=0.850, p=0.507) nor 

mecamylamine (F[4,29]=0.486, p=0.746) altered water intake (data not shown). 

Effects of intra-nAcc administration of cholinergic receptor agonist and antagonist on operant 

oral EtOH self-administration behavior 

 

As shown in Table 1A-C, training sessions on FR schedules of reinforcement produced stable 

responses; the response rate for water was stable on a FR1 schedule (F[2,18]=2.180, p=0.142), 

the response rate for 12% EtOH was stable on a FR1 schedule (F[2,18]=1.291, p=0.299), and 

the response rate for 12% ethanol was stable on a FR3 schedule (F[2,18]=0.639, p=0.539). The 
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response rate to 12% EtOH on a FR3 schedule after the 5-days postsurgical recovery period is 

shown in Table 1D. As noted, the FR3 schedule of reinforcement produced a stable response 

rate (F[2,16]=0.129, p=0.880). Intra-nAcc administration of the nAchR antagonist 

mecamylamine decreased the operant oral self-administration of 12% EtOH (see Fig. 2A). 

One-way ANOVA for repeated measures revealed significant differences (F[3,21]=6.167, 

p=0.004). The Bonferroni test revealed that the effect of 5.0 μg of mecamylamine was different 

from the effect of 0.0 and 1.25 μg of mecamylamine. Intra-accumbal administration of the 

nAchR agonist cytisine increased the operant oral self-administration of EtOH (see Fig. 2B). 

One-way ANOVA for repeated measures revealed significant differences (F[3,21]=11.064, 

p=0.001). The Bonferroni test revealed that the effect of 3.2 μg of cytisine was different from 

that of the other doses of cytisine. Administration of a fixed dose of nAchR agonist cytisine 

(3.2 µg) in combination with various doses of the nAchR antagonist mecamylamine produced 

a dose-dependent decrease in the operant oral self-administration of 12% EtOH 

(F[3,21]=7.606, p=0.001). The Bonferroni test revealed that the effect of 5.0 µg of 

mecamylamine combined with cytisine (3.2 µg) was different from the effect of 0.0 and 1.25 

µg of mecamylamine and that the effect of 2.5 µg of mecamylamine combined with 3.2 µg of 

cytisine was different from the effect of 0.0 of mecamylamine (see Fig. 2C). Figure 2D shows 

the histological localization of the injection sites in the shell of the nAcc. Rats in which the 

cannula was implanted outside the nAcc were excluded from the analyses (1/9). 

 

4.- DISCUSSION 

 

The purpose of the present study was to examine the effects of intra-nAcc administration of a 

nAchR antagonist and agonist, i.e., mecamylamine and cytisine, respectively, on operant oral 

self-administration of EtOH in rats. We found that rats learned to lever-press for 12% EtOH 

reinforcement and showed a stable operant response rate before and after cannula implantation 

into the nAcc shell (see table 1) without the use of initiation procedures for EtOH consumption, 

such as sucrose fading. In the present study, the operant oral EtOH self-administration was 

modeled as described in other studies (Blegen et al., 2018; Carnicella, Yowell, & Ron, 2011; 

Jimenez et al., 2022; Peana et al., 2014; Simms, Bito-Onon, Chatterjee, & Bartlett, 2010; 

Viudez-Martínez et al., 2018). This animal model of voluntary oral EtOH self-administration 

has been shown to be a useful tool to study the behavioral, neurochemical and cellular 

mechanisms underlying the addictive properties of EtOH and other drugs of abuse (Blegen et 

al., 2018; de Siqueira Umpierrez et al., 2022; Fernandes et al., 2020; Haile, Carper, Nolen, & 

Kosten, 2021). Before beginning the main experiments, the acute effects of intra-nAcc 

administration of mecamylamine and cytisine on water intake were studied in separated groups 

of rats in an initial experiment. We observed that neither mecamylamine nor cytisine altered 

drinking behavior at the doses used in this research. 

 

In the current research, we also found that intra-nAcc administration of the nAchR antagonist 

mecamylamine reduced operant oral EtOH self-administration, while the nAchR agonist 

cytisine increased operant oral EtOH self-administration. This effect was reversed by the 

administration of mecamylamine. These observations suggest that nAchRs in the nAcc may be 

involved in the modulation of operant oral EtOH self-administration. Antagonists of specific 
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receptor subtypes are often used to confirm the mechanism associated with agonist-induced 

changes in some behaviors. In the present study, the intra-nAcc administration of 

mecamylamine, a noncompetitive nAchR antagonist, reduced the effects of cytisine on operant 

oral EtOH self-administration in rats. Although mecamylamine and cytisine are not selective 

for nAchRs, they are common pharmacological ligands employed in behavioral and 

neurobiological studies (Gotti & Clementi, 2021; Hendrickson, Zhao-Shea, & Tapper, 2009). 

 

The above behavioral results are consistent with previous reports demonstrating that nAchR 

ligands modulate some EtOH-induced behaviors. For instance, systemic administration of 

mecamylamine (0-8 mg/kg) reduced EtOH self-administration following a sucrose fading 

procedure in C57BL/6J mice (Ford et al., 2009). Similarly, systemic administration of 

mecamylamine (1.25, 2.5, and 5.0 mg/kg) reduced operant oral EtOH self-administration and 

blocked the deprivation-induced increase in alcohol consumption (Kuzmin, Jerlhag, Liljequist, 

& Engel,2009). It has also been reported that intra-accumbal administration of mecamylamine 

reduces EtOH self-administration but not sucrose self-administration (Nadal, Chappell, & 

Samson, 1998). Systemic administration of mecamylamine (1.0 and 2.0 mg/kg) also 

significantly reduced EtOH consumption in a limited access procedure (Lê, Corrigall, Harding, 

Juzytsch, & Li, 2000). Another study reported that mecamylamine reduced EtOH consumption 

and EtOH preference in a two-bottle choice test procedure after mecamylamine was 

administered both intermittently and daily (Farook, Lewis, Gaddis, Littleton, & Barron, 2009). 

 

In the current research, intra-nAcc administration of the nAchR agonist cytisine, a partial 

agonist, at a dose of 3.2 µg increased operant oral EtOH self-administration. In contrast, it has 

been reported that intraperitoneal administration of cytisine at a dose of 3.0 mg/kg reduces 

EtOH consumption in a drinking-in-the-dark procedure in mice (Hendrickson et al., 2009). 

Other studies have also reported that cytisine decreases EtOH-related behaviors. For example, 

intraperitoneal cytisine administration (1.5 mg/kg) reduced EtOH in a preference test after 24 

h of concurrent access to 15% and 30% EtOH (Bell, Eiler, Cook, & Rahman, 2009). It has also 

been reported that intraperitoneal administration of cytisine (0.5 and 1.0 mg/kg) or varenicline 

(0.5 and 1.0 mg/kg) for three consecutive days reduces EtOH preference after continuous 

access to EtOH for four weeks in rats (Sotomayor-Zarate et al., 2013). Varenicline, a partial 

agonist of α4β2 nAchR, is a synthetic derivative of cytisine (Canu Boido & Sparatore, 1999) 

that has been shown to reduce EtOH intake. For example, acute subcutaneous administration 

of varenicline (1.0 or 2.0 mg/kg) dose-dependently attenuated oral EtOH self-administration 

and EtOH consumption in a two-bottle choice procedure in rats (Steensland, Simms, Holgate, 

Richards, & Bartlett, 2007). Additionally, it has been reported that intraperitoneal 

administration of varenicline (0.5, 1.0, 2.0 mg/kg) dose-dependently reduces EtOH 

consumption in rats under a drinking-in-the-dark procedure, but it also reduces saccharin intake 

(Kamens, Silva, Peck, & Miller, 2018). In contrast with these studies, another study showed 

that systemic administration of varenicline at lower doses (0.56 and 1.0 mg/kg) increased EtOH 

self-administration following a sucrose fading procedure in Lewis rats without affecting 

responses to food. However, higher doses of varenicline decreased the response to EtOH and 

food (Ginsburg & Lamb, 2013). 
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The reason for this discrepancy between our study of intra-nAcc administration of cytisine and 

some of the above-cited studies is not clear. One possible hypothesis is differences in the route 

of drug administration. As noted above, systemic administration of nAchR agonists such as 

cytisine and varenicline reduced EtOH-related behaviors, whereas cytisine increased operant 

oral EtOH self-administration when directly administered into the nAcc in the present study. 

Systemic administration of the nAchR agonist cytisine can activate nAchRs expressed on 

different neurons in the brain reward system to reduce EtOH-related behaviors instead of 

increasing such behaviors. α4β2 nAchRs (which are activated by Ach and nicotine and are 

involved in modulating the rewarding effects of EtOH) are expressed on DAergic neurons 

projecting to the nAcc and on local GABA interneurons in the VTA and modulate the firing 

patterns of DA neurons (Mameli-Engvall et al., 2006; Maurer & Schmidt, 2019). In addition, 

α4β2 nAchRs are also expressed on DA terminals in the nAcc (Feduccia, Chatterjee, & Bartlett, 

2012; Grady et al., 2007). Therefore, it can be speculated that systemic administration of 

cytisine can lead to activation of α4β2 nAchRs expressed on all these neurons, including those 

expressed on the cell bodies of GABAergic interneurons in the VTA, to inhibit EtOH-related 

behaviors, whereas intra-nAcc administration of cytisine promotes EtOH-related behaviors, 

but this possibility remains to be evaluated. Another possible hypothesis accounting for the 

discrepancy between the above-cited data and the results of the present study is the 

pharmacological profile of cytisine. Cytisine is an alkaloid with partial agonist activity at α4β2 

nAchRs, and it has been shown to reduce rather than increase EtOH-related behaviors in several 

animal models (see above). A partial agonist does not produce the maximal response and can 

act as an antagonist in the presence of a full agonist depending on the dose. It has been reported 

that cytisine (3.0 mg/kg) partially substitutes for nicotine (59%) in rats trained to discriminate 

nicotine (0.6 mg/kg) from saline (Radchenko, Dravolina, & Bespalov, 2015). In addition, it has 

also been reported that intraperitoneal administration of a high dose of cytisine (3.0 mg/kg) 

partially generalizes (23% of nicotine-appropriate lever presses) and antagonizes nicotine-

induced discriminative stimulus effects in rats (LeSage, Shelley, Ross, Carroll, & 

Corrigall,2009). In general, the discrepancy between the effects of intra-nAcc administration 

of cytisine in our study and some of the above-cited data may be related to differences in drug 

administration procedures, dosage regimen or procedural variables. 

 

Inhibition or activation of α4β2 nAchRs in the nAcc might be involved in the modulation of 

the operant oral self-administration of EtOH observed in the present study. This speculation is 

based on the following findings. First, the mesocorticolimbic DA system, particularly the 

projections from the VTA to the nAcc, is important for EtOH-related behaviors (Rodd et al., 

2004; Weiss, Lorang, Bloom, & Koob, 1993). Second, α4β2 nAchRs, which are expressed in 

DA terminals in the nAcc (Feduccia et al., 2012; Grady et al., 2007), play a modulatory role in 

DA release in the nAcc and, as a consequence, affect EtOH-related behaviors. DA release from 

VTA DA terminals in the nAcc is under the control of different receptors, such as D2 

autoreceptors and α4β2 nAchRs. Some studies have shown that stimulation of those receptors 

modulates DA release in the nAcc. For instance, optogenetic stimulation of nAcc iAch 

produced the DA release in nAcc presynaptic DA terminals that express α4β2 nAchRs 

(Cachope et al., 2012). Furthermore, inhibition of iAch firing using an opioid agonist decreased 

the frequency of spontaneous DA transients in the nAcc (Yorgason, Zeppenfeld, & Williams, 
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2017). Consistent with this finding, behavioral studies involving manipulation of α4β2 nAchRs 

have provided additional support for the modulatory role of α4β2 nAchRs on EtOH-related 

behaviors. Nadal et al. (1998) reported that intra-accumbal administration of the α4β2 nAchR 

antagonist mecamylamine reduced EtOH self-administration but not sucrose self-

administration in rats. α4β2 nAchRs are not only involved in EtOH-related behaviors but are 

also involved in drug abuse-related behaviors. For instance, it has been reported that 

pretreatment with mecamylamine (0.3, 1.0, 3.0 mg/kg) reduces cocaine and nicotine self-

administration in rats (Blokhina, Kashkin, Zvartau, Danysz, & Bespalov, 2005). Another study 

showed that mecamylamine reduced cocaine self-administration but not food self-

administration (Levin et al., 2000). Although in these studies, the α4β2 nAchR antagonist 

mecamylamine was administered systematically, it was able to reach and block nAchRs 

expressed on different neurons in the brain reward system, including the nAcc, to reduce drug 

abuse-related behaviors, although more research is needed before coming to a final conclusion 

regarding the expression of α4β2 nAchRs in different regions of the brain reward system and 

their involvement in EtOH-related behaviors. 

 

In summary, our results showed that intra-accumbal administration of α4β2 nAchR ligands 

modulated operant oral EtOH self-administration. These data provide further evidence that 

α4β2 nAchRs may modulate drug abuse-induced behaviors, particularly the reinforcing effects 

of EtOH. 
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Table 1. Summary of the mean response rate during the operant oral EtOH self-administration 

training procedure. 

 

Note. A within-subjects design was used in this study (n=10). FR: fixed ratio schedule of 

reinforcement. ER: reinforcing stimulus. EtOH: ethanol. SEM: standard error of the mean. 

One rat died after surgery. 

 

 

Fig. 1. Timeline of the operant oral EtOH self-administration training and testing procedure. 

Schematic illustration of the procedure used to establish the operant oral EtOH self‐

administration model. Left side: rats were trained to drink water or EtOH for 30 min. Right 

side: rats were trained in operant conditioning chambers to press a lever for water or EtOH 

reinforcement on a fixed-ratio (FR) schedule of reinforcement. 

 

 

Fig. 2.A-C. Effects of the intra-accumbal administration of nicotinic cholinergic ligands on 

operant oral EtOH self-administration. The bars represent the mean numbers of lever presses, 

and the vertical lines represent the ± SEMs of 8 rats. The asterisks (*) indicate significant 

differences (Bonferroni test, p<0.001, after one-way ANOVA for repeated measures) between 

the mean number of lever presses observed after administration of nicotinic cholinergic 

receptor ligands and that observed in all other conditions. The crosses (†) indicate significant 

differences (Bonferroni test, p<0.001, after one-way ANOVA for repeated measures) between 

the mean number of lever presses observed after administration of nicotinic cholinergic 

receptor antagonist mecamylamine and the condition 0.0. D. Photograph of one coronal section 

taken at the level of the cannula. E. The gray bar shows the trajectory of the cannula. F. 

Enlargement of the site of injection. G. Schematic representation of all cannula implanted in 

the nAcc shell. The black circles indicate histologically confirmed locations of the cannula in 

the nAcc shell in the animals that were included in the statistical analyses for all experiments 

(8/9). 
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