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Abstract
Tobacco smoking is one of the leading causes of disease and premature death in the United States.
Nicotine is considered the major reinforcing component in tobacco smoke responsible for tobacco
addiction. Nicotine acts in the brain through the neuronal nicotinic acetylcholine receptors
(nAChRs). The predominant nAChR subtypes in mammalian brain are those containing α4 and β2
subunits. The α4β2 nAChRs, particularly those located in the mesoaccumbens dopamine pathway,
play a key role in regulating the reinforcing properties of nicotine. Considering that twelve
mammalian nAChR subunits have been cloned, it is likely that nAChRs containing subunits in
addition to, or other than, α4 and β2 also play a role in the tobacco smoking habit. Consistent with
this possibility, human genome-wide association studies have shown that genetic variation in the
CHRNA5-CHRNA3–CHRNB4 gene cluster located in chromosome region 15q25, which encode
the α5, α3 and β4 nAChR subunits, respectively, increases vulnerability to tobacco addiction and
smoking-related diseases. Most recently, α5-containing nAChRs located in the habenulo-
interpeduncular tract were shown to limit intravenous nicotine self-administration behavior in rats
and mice, suggesting that deficits in α5-containing nAChR signaling in the habenulo-
interpeduncular tract increases vulnerability to the motivational properties of nicotine. Finally,
evidence suggests that nAChRs may also play a prominent role in controlling consumption of
addictive drugs other than nicotine, including cocaine, alcohol, opiates and cannabinoids. The aim
of the present review is to discuss recent preclinical findings concerning the identity of the nAChR
subtypes that regulate self-administration of nicotine and other drugs of abuse.
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Introduction
The burden of disease and negative economic impact of tobacco addiction on society is
staggering. It is predicted that approximately 0.6 billion current smokers worldwide will die
from smoking-related illnesses, such as chronic obstructive pulmonary disorder (COPD),

© 2011 Elsevier Inc. All rights reserved.
CORRESPONDENCE Paul J. Kenny, Ph.D., Department of Molecular Therapeutics, The Scripps Research Institute - Florida,
Jupiter, FL 33458, USA. Tel: (561) 228-2231; Fax: (561) 228-3083; pjkenny@scripps.edu.
*These authors contributed equally to this article
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

Published in final edited form as:
Biochem Pharmacol. 2011 October 15; 82(8): 984–995. doi:10.1016/j.bcp.2011.06.026.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lung cancer, and cardiovascular disease [1–4]. Indeed, if current trends in tobacco use
persist, by 2020 smoking will become the largest single health problem worldwide, causing
an estimated 8.4 million deaths annually [5]. The World Bank estimates that in high-income
countries, smoking-related healthcare accounts for between 6–15% of all healthcare costs, ~
$160 billion annually. Smokers who quit before the onset of tobacco-related illness can
largely avoid the increased mortality risk [6, 7]. Nevertheless, approximately 80% of
smokers currently attempting to quit will relapse within the first month of abstinence [8].
The development of efficacious smoking cessation aids is perhaps the most cost-effective
intervention possible within the health-care systems of developed countries [9]. Although
clinically efficacious, current smoking cessation agents approved by the US Food and Drug
Administration (FDA) have limited utility. In smokers attempting to quit, 23% treated with
Chantix (varenicline) and 16% treated with Zyban (bupropion) remain abstinent after 1 year,
compared with 9% of those treated with placebo [9]. Pharmacotherapy is therefore an
effective strategy to aid smoking cessation efforts, but there remains considerable risk of
relapse even when treated with the most efficacious medications currently available. This
highlights the pressing need to better understand the neurobiological mechanisms underlying
tobacco addiction and to facilitate the development of more effective therapeutics.

Nicotine is considered the major reinforcing component in tobacco smoke responsible for
addiction [10]. Nevertheless, other components of tobacco smoke, such as those that inhibit
the activity of monoamine oxidases in brain, are also likely to contribute to tobacco
dependence [11–13]. The addiction-relevant actions of nicotine are related to its stimulatory
effects on neuronal nicotinic acetylcholine receptors (nAChRs) in the central nervous system
(CNS) [14]. As such, nAChRs are key targets for the development of therapeutic agents for
smoking cessation efforts. Indeed, varenicline was rationally designed as a smoking
cessation aid based on its action as a partial agonist at nAChRs. In contrast, bupropion is the
only smoking cessation medication approved by the FDA that does not have nAChRs as its
primary site of action (atypical antidepressant considered to act through norepinephrine/
dopamine reuptake inhibition). Nevertheless, bupropion acts as an antagonist at nAChRs
[15]. Thus, identification of the nAChRs that control the addiction-related actions of
nicotine may provide valuable insights into the neurobiology of the nicotine habit in
smokers and facilitate the development of novel therapeutic strategies for the treatment of
tobacco addiction [16].

The nAChRs are composed of five distinct membrane-spanning subunits (α and β subunits)
that combine to form a functional receptor [17,18]. There are nine isoforms of the neuronal
α subunit (α2–α10), and three isoforms of the neuronal β subunit (β2–β4) [19–21]. These
nAChR subunits arrange in various combinations to form distinct pentameric nAChR
subtypes [22, 23]. Typically, α7, α8 and α9 subunits form homopentameric complexes
lacking β subunits, with only the α7 pentamer expressed in the CNS. Because of the large
number of subunits many nAChR subtypes could exist, each composed of various
combinations of α and β subunits. However, the number of functional nAChR subtypes
appears to be far less than could potentially be generated, suggesting that tight regulatory
mechanisms control the incorporation of nAChR subunits into functional nAChR subtypes.
The predominant nAChR subtypes in mammalian brain, which account for most of the high-
affinity nicotine binding sites, are nAChRs containing the α4 and β2 subunits (α4β2*
nAChRs, where the asterisk denotes a nAChR that contains the indicated subunits but the
complete subunit composition is unknown) [24]. Because of a lack of receptor agonists and
antagonists with selectivity for all putative nAChR subtypes, the precise identification of
functional nAChR subtypes that regulate the behavioral and physiological actions of
nicotine in vivo remain unclear. However, recent studies identifying nAChR subunits
expressed by individual neurons in the brain are beginning to shed light on the functional
nAChR subtypes likely expressed in these cells. For example, approximately 90–100% of
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neurons located in the medial habenula (MHb) express α3, α4, α5, β2 and β4 nAChR
subunits [25]. Further, it is hypothesized that ~20% of nAChRs in rat MHb neurons that
project to the interpeduncular nucleus (IPN) contain α4β2α5* nAChRs, whereas only about
5% of the receptor population in this pathway are α3β4α5* nAChRs [26] (Refer to Fig. 1 for
schematic representation of nAChR subtypes expressed in addiction-relevant brain regions).
A major goal of tobacco addiction research is to identify the precise subtypes of nAChRs
that regulate the addictive properties nicotine and thereby drive tobacco dependence. Such
information may facilitate the development of subtype-selective nAChR ligands that can aid
smoking cessation efforts. Nicotine elicits many behavioral effects that may contribute to the
development and maintenance of tobacco addiction, including an ability to amplify
secondary reinforcers in the environment [27, 28], cognitive-enhancing effects [29–32], and
also the expression of an aversive withdrawal syndrome including deficits in brain reward
function and cognition [33]. Indeed, it is not quitting but avoiding relapse that presents the
greatest challenge for smokers to achieving long-term abstinence. Hence, understanding the
contribution of nAChRs to relapse-like behaviors will be critical to developing novel
approaches to help smokers achieve long-term cessation of the tobacco habit. However,
considering the many recent advances in the area, we will focus our review on new insights
into the nAChR subtypes that regulate the reinforcing properties of nicotine and other major
drugs of abuse, which may also contribute to relapse during periods of abstinence. For a
discussion advances in understanding the mechanisms of reinstatement of extinguished
drug-seeking behaviors, readers are referred to excellent recent reviews on this subject e.g.,
[34–36].

The reinforcing properties of nicotine and other drugs of abuse can be assessed in laboratory
animals by means of the intravenous (IV) self-administration procedure, which is generally
considered the most reliable and direct measure of drug reinforcement in animals. Indeed,
nicotine is self-administered by humans [37], nonhuman primates [38], dogs [39], rats [40,
41], and mice [42–45]. When access to a range of doses is provided, IV nicotine infusions
are invariably self-administered according to an inverted ‘U’ shaped dose-response (D–R)
curve across species. The shape of the D–R curve likely reflects the combinatorial outcome
of the competing positive and aversive properties of nicotine at the different doses available
on the motivation to respond for the drug. The ascending limb of the D–R curve is
hypothesized to reflect increasing reinforcing effects of nicotine as the unit dose increases,
motivating greater responding for the drug [46]. In contrast, the decreased responding for
nicotine on the descending limb of the D–R curve as the unit dose of nicotine increases
represents increasingly aversive drug effects or more rapid development of drug satiation,
which act to limit responding [46–48]. Blockade of nAChR signaling with the relatively
general nAChR antagonist mecamylamine decreases nicotine intake in nonhuman primates,
rats and mice [49–51]. In human tobacco smokers, mecamylamine treatment can also
provoke a transient increase in tobacco smoking [52] and IV self-administration behavior
[53, 54]. Interestingly, mecamylamine can also transiently increase nicotine self-
administration behavior in rats with extended daily access to the drug (12-h per day)
(Kenny, unpublished observations). Hence, blockade of nAChRs generally decreases
nicotine intake, verifying an essential role for nAChRs in regulating IV nicotine self-
administration behavior. However, in the case of human smokers and nicotine-dependent
rats, blockade of nAChRs can also trigger a brief increase in nicotine intake, likely reflecting
an attempt to overcome the inhibitory effects of mecamylamine on nAChR signaling
through increased consumption of the drug.

α4β2* nAChRs in nicotine self-administration
Similar to other major drugs of abuse, nicotine enhances mesoaccumbens dopamine
transmission, which comprises dopamine-containing neurons that arise in the ventral
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tegmental area (VTA) and project to the nucleus accumbens (NAc). This stimulatory action
of nicotine on midbrain dopamine systems is hypothesized to play an important role in its
positive reinforcing effects that drive the initiation and maintenance of the tobacco smoking
habit [55–60]. There is now considerable evidence that α4β2* nAChRs regulate the
stimulatory effects of nicotine on midbrain dopamine systems, and also the positive
reinforcing effects of the drug. α4β2* nAChRs are expressed by the majority of VTA
neurons [61, 62]. In addition, α4β2* nAChRs are also located on GABAergic neurons in
VTA [61–63]. This suggests that α4β2* nAChRs play a key role in coordinating the actions
of nicotine and also endogenous cholinergic transmission on local GABAergic transmission
in VTA and on dopamine transmission throughout the mesoaccumbens pathway. It has been
shown that nicotine can activate and then rapidly desensitize α4β2* nAChRs on GABAergic
interneurons in the VTA [64], suggesting that the reinforcing properties of nicotine may be
related, in part, to disruption of inhibitory GABAergic transmission in the VTA. In addition,
chronic exposure to nicotine upregulates α4 and β2 nAChR subunit expression throughout
rodent brain [65, 66], an effect also observed in postmortem brain tissues from human
smokers [67, 68]. In future studies it will be important to determine the precise contribution
of α4β2* nAChRs located on dopaminergic and GABAergic neurons in the VTA.

The putatively selective agonist of β2* nAChRs, 5-iodo-A-85380, is actively self-
administered by rats [69]. Partial agonists of α4* and β2* nAChRs, such as SSR591813,
UCI-3002 and varenicline, decrease nicotine self-administration in rats [70–73]. However, it
should be noted that UCI-30002 also demonstrates an affinity for α7* and α3β4* nAChR
receptors [71], and varenicline is a full agonist at α7* nAChRs [72]. Thus, alteration in the
reinforcing properties of nicotine may be due to singular or cumulative effects of these drugs
on different subtypes of nAChRs. SSR591813 has undergone phase III clinical trials for
smoking cessation in humans but was ineffective in promoting abstinence; however,
subjective reports of cigarette craving and withdrawal symptoms were reportedly reduced
[74]. Varenicline (Chantix) is an FDA-approved anti-smoking therapeutic with moderate
efficacy, but significant adverse effects including nausea, depressed mood, agitation and
suicidal ideation [75, 76]. Bupropion (Wellbutrin, Zyban) is another commonly prescribed
smoking cessation therapeutic that primarily acts as a blocker of norepinephrine and
dopamine transporter systems, but that can also act as a noncompetitive antagonist at α4β2*
and α3β2* nAChRs [77, 78]. In mice, bupropion did not attenuate the rewarding effects of
nicotine, as measured in a place conditioning procedure [79]. In rats, however, bupropion
decreases nicotine self-administration and the somatic and effective aspects of nicotine
withdrawal [80, 81]. Finally, the competitive nAChR antagonist dihydro-β-erythroidine
(DHβE), which is relatively selective for α4β2* nAChRs [82, 83], decreases nicotine self-
administration in rats following systemic or intra-VTA administration [40, 50].

The above findings provide strong pharmacological evidence supporting a role for β2*
nAChRs in VTA in regulating nicotine self-administration behavior. More direct evidence
has been generated using genetically modified mice. In knockout (KO) mice with a null
mutation of the β2 nAChR subunit gene β2 KO mice), dopaminergic neurons in the VTA
exhibit decreased levels of basal firing, are less responsiveness to nicotine-induced changes
in neuronal activity, and have less nicotine-evoked increases in dopamine release in the NAc
compared to wildtype mice [63, 84, 85]. Further, varenicline increases mesoaccumbens
dopamine transmission in wildtype but not in β2 KO mice [86]. Moreover, when intra-VTA
infusions of nicotine were delivered to mice upon entry into the correct arm of a Y-maze, β2
KO mice did not learn to direct their behavior toward obtaining nicotine infusions. Hence,
the β2 KO earned far less nicotine than wildtype mice and appeared resistant to the
reinforcing properties of the drug [87, 88]. Responding for IV nicotine infusions has also
been examined in β2 KO mice after they had first acquiring responding for IV cocaine
infusions [84, 89]. Whereas wildtype mice persisted in responding after cocaine was
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substituted with nicotine infusions, the β2 KO mice rapidly decreased their responding and
established a level of responding equivalent to that seen in wildtype mice with access to
saline infusions [84, 89]. The β2 KO mice also displayed deficits in nicotine discrimination
[90] and in developing a nicotine-induced conditioned place preference [91]. Importantly,
virus-mediated re-expression of β2 nAChR subunits specifically in the VTA, but not the
adjacent substantia nigra pars compacta (SNpc), of the β2KO mice “rescued” the deficits in
dopaminergic transmission, responding for nicotine via intra-VTA infusions, and sensitivity
to developing nicotine-conditioned place preferences [87, 88, 92]. It is important to note that
the place conditioning procedure is dependent on the ability of the mice to form, store and
recall a drug-related memory. However, cholinergic transmission at nAChRs is known to
modulate these processes [30, 93]. Hence, it is possible that disruption of drug-related
memories rather than nicotine reward per se may contribute to alterations in the performance
of nAChR subunit KO mice in the CPP procedure.

Similar to the β2 KO mice, α4 subunit KO mice do not acquire nicotine self-administration
behavior [92]. In these studies, nicotine self-administration in wildtype and α4 KO was
measured using a procedure in which mice are placed into an apparatus to restrain their
movement and prepared with a temporary catheter in their lateral tail vein through which
nicotine infusions are delivered contingent upon nose-poke responses [92, 94–96]. Although
this procedure has a number of notable confounds that limit its utility, particularly the high
level of restraint and the fact that typically only a single self-administration session can be
assessed for each mouse using the temporary tail-vein catheter, these studies nonetheless
suggest that α4 nAChRs play a key role in nicotine reinforcement. Interestingly, virus-
mediated re-expression of α4 nAChR subunits in the VTA of the KO mice “rescued” their
deficient nicotine intake in this procedure similar to the effects β2 re-expression in the VTA
of the β2 KO mice [92]. In contrast to these findings, Lawrence and colleagues found that α4
KO mice responded for nicotine infusions at similar rates as their wildtype littermates in a
more traditional self-administration procedure in which the mice received IV nicotine
infusions through chronic indwelling IV catheters in the jugular vein [97]. Knock-in mice
expressing hypersensitive α4* nAChRs, generated by replacing an endogenous exon of the
α4 nAChR gene with one containing a single point mutation (Leu 9’ → Ala 9) that increases
the function of the subunit [55], had dramatically increased sensitivity to nicotine reward.
Indeed, these α4 knock-in mice demonstrate a place preference for nicotine at doses far
lower (~50-fold) than those necessary to support a place preference in wildtype mice [55].
VTA dopamine neurons from the α4 knock-in mice are similarly far more sensitive to
nicotine than dopamine neurons in wildtype mice [55]. More recently, a second line of
hypersensitive α4 knock-in mice was developed by replacing the serine with phenylalanine
at amino acid residue 248 in the α4 subunit (Ser 248’ → Phe 248’). This line of a4
hypersensitive knock-in mice self-administered IV nicotine infusions far more vigorously
than wildtype controls when a low unit dose of the drug was available (0.03 mg kg−1 per
infusion) [97]. Taken together, these data suggest that α4β2* nAChRs, particularly those
located in the VTA, play a key role in regulating the reinforcing properties of nicotine.

α5* nAChRs in nicotine self-administration
As noted above, genome-wide association studies have revealed a strong link between allelic
variation in the α5/α3/β4 nAChR gene cluster and increased vulnerability to tobacco
addiction in humans [98–102]. For example, a non-synonymous single nucleotide
polymorphism (SNP) in CHRNA5 (rs16969968), the gene encoding the α5 nAChR subunit,
results in an aspartic acid to asparagine substitution at amino acid residue 398 (D398N), and
decreases the function of α5* nAChRs incorporating this risk allele [103]. This SNP, which
is relatively common in those of European descent (minor allele frequency = 0.42), increases
the risk of tobacco dependence by approximately 30% in individuals carrying a single copy
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of the variant, and more than doubles the risk in those carrying two risk alleles [99, 100,
104–106]. The D398N major risk allele is associated with heavy smoking [99, 100, 105,
106], early onset of smoking behavior [107], and “pleasurable buzz” from tobacco [108]. In
addition, the D398N allele is also a major risk factor for lung cancer and COPD in smokers
[109–111], likely reflecting higher levels of tobacco dependence in individuals carrying risk
alleles and consequently greater exposure to carcinogens contained in tobacco smoke [102,
112]. As such, considerable interest has arisen into how α5 nAChR subunits may influence
the reinforcing properties of nicotine. The α5 nAChR subunits demonstrate a relatively
discrete mRNA expression profile in the brain, with the highest densities of expression
found in the medial habenula (MHb) and interpeduncular nucleus (IPN), VTA, SN,
hippocampus and deep layers of the cortex [25, 113, 114]. The MHb projects almost
exclusively to the IPN via the fasciculus retroflexus [115], and high, but not low, nicotine
doses activate the habenulo-interpeduncular pathway, as measured by an increased local
glucose utilization in rats [116]. The α5 nAChR subunit is incorporated into functional
nAChRs in the MHb-IPN pathway, and presynaptic α5* nAChRs on MHb afferents to the
IPN are thought to regulate glutamate, but not acetylcholine, release in the IPN [26, 117,
118]. Incorporation of the α5 subunit is known to alter the nicotine binding and
desensitization kinetics of α4β2*, α3β2* or α3β4* nAChR receptors [119, 120], suggesting
that incorporation of wildtype or risk alleles of the α5 nAChR subunit into habenulo-
interpeduncular nAChRs may profound alter the sensitivity of this tract to nicotine. There
are no available pharmacological compounds that selectively modulate the activity of α5*
nAChRs, which thus necessitates the use of genetically modified mice to assess the role for
α5* nAChRs in nicotine reinforcement.

The α5 subunit KO mice are known to have decreased sensitivity to nicotine-induced
seizures and hypolocomotion, and display reduced expression of the somatic aspects of
nicotine withdrawal [121–123]. Intriguingly, α5 KO mice demonstrate a place preference for
high nicotine doses that are otherwise aversive in wildtype mice [123]. Recently, our
laboratory has shown that the α5* nAChRs play a critical role in regulating nicotine self-
administration behavior [42]. When we assessed nicotine self-administration behavior in α5
KO mice, we found that the ascending portion of the D–R curve was similar between the
KO mice and their wildtype counterparts [42]. However, the α5 KO mice continued to
consume far more nicotine than wildtype mice when higher unit doses of nicotine were
made available [42], and as a result the descending portion of the D–R curve was far less
marked in the KO mice [42]. The α5 KO mice also responded far more vigorously for
nicotine when tested under a progressive ratio schedule of reinforcement that is thought to
better reflect the motivational aspects of nicotine compared with fixed ratio reinforcement
schedules typically used in nicotine self-administration studies [124]. Again, this effect in
the α5 KO mice was most apparent when higher nicotine doses were made available for self-
administration [42]. As noted above, the increased responding for nicotine over the
ascending portion of the D–R curve is thought to reflect increasing rewarding properties of
the unit dose available for consumption, motivating greater responding for the drug. In
contrast, decreased responding over the descending portion of the D–R curve as the unit
dose of nicotine further increases is thought to reflect the emergence of aversive drug effects
or more rapid drug satiation. As such, it appears that α5 KO mice are less sensitive to
aversive effects of nicotine that serve to limit responding for the drug [42].

Re-expression of the α5 subunit in the habenulo-interpeduncular pathway of the α5 KO
mice, achieved through infusion of an α5 nAChR subunit-expressing lentivirus directly into
the MHb, “rescued” the increased nicotine intake observed in the KO mice at higher doses,
and normalized their intake relative to the wildtype mice [42]. Conversely, knockdown of α5
subunit in the habenulo-interpeduncular pathway of rats, achieved through intra-MHb
infusion of a lentivirus expressing a short hairpin RNA (shRNA) against α5 subunits,
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increased nicotine intake, particularly at high doses of the drug [42]. Interestingly,
knockdown of α5 subunits in the habenulo-interpeduncular pathway did not alter the
stimulatory effects of nicotine on brain reward systems (i.e., increased reward), as measured
by nicotine-induced lowering of intracranial self-stimulation (ICSS) reward thresholds in
rats [42]. However, deficient α5* nAChR signaling in the habenulo-interpeduncular tract
greatly diminished the inhibitory effects of higher nicotine doses on brain reward function
(i.e., decreased reward), as measured by nicotine-induced elevations of ICSS thresholds in
rats [42]. This again is consistent with the shape of the nicotine D–R curve in the knockout
mice and knockdown rats, in which it appears that aversive effects of higher nicotine doses
that limit its intake are greatly diminished when α5* nAChR signaling in the habenulo-
interpeduncular tract is disrupted. Finally, using Fos immunoreactivity as a measure of
neuronal activation, we found that aversive doses of nicotine robustly activated the MHb-
IPN tract in WT mice, an effect that was completely abolished in α5 KO mice [42]. In
contrast, nicotine-induced activation of VTA was similar in WT and α5 KO mice [42]. This
suggests that α5* nAChRs preferentially control the sensitivity of the MHb-IPN tract, but
not VTA, to nicotine. Moreover, lidocaine-induced inactivation of MHb or IPN, or
inhibition of NMDA glutamate receptors in MHb or IPN, increased nicotine self-
administration behavior in rats [42]. Strikingly, these same manipulations in VTA had
opposite effects, and decreased nicotine intake [42]. Taken together, we hypothesize that
nicotine stimulates the MHb-IPN tract through α5* nAChRs, and perhaps through other
nAChR subtypes expressed in this tract. Activation of this pathway decreases the motivation
to further consume nicotine, thereby limiting its intake. Disrupted sensitivity of the MHb-
IPN to nicotine in the α5 KO mice diminishes this negative motivational signal and results
in greater levels of nicotine intake. It will therefore be important to examine if a similar
mechanism explains the increased vulnerability to tobacco addiction in humans carrying
CHRNA5 risk alleles. As note above, α5 nAChR subunits are also expressed in many other
addiction-relevant brain regions, in addition to their dense concentration in the MHb-IPN
tract [62, 125–129]. Changeux and colleagues reported that a high percentage of nAChRs in
VTA express α5 nAChRs [126]. Further, Lambe and co-workers have shown that excitatory
glutamate transmission is severely compromised in medial prefrontal cortex (mPFC) of α5
KO mice, a brain region known to regulate drug self-administration behavior [130]. Finally,
using functional magnetic resonance imaging (fMRI), Stein and colleagues have shown that
humans carrying the D398N risk allele had decreased functional connectivity between the
anterior cingulate cortex (ACC) with the NAc and extended amygdala [131]. The same
group has previously shown that weakened functional connectivity in this circuit predisposes
individuals to smoking and predicts addiction severity in those who smoke [131, 132],
perhaps by diminishing executive control over tobacco smoking behaviors. These findings
raise the possibility that α5* nAChRs located in VTA, mPFC, ACC and perhaps in other
cortical areas and the hippocampus, may regulate nicotine intake similar to α5* nAChRs
located in the MHb-IPN tract.

α3* nAChRs in nicotine self-administration
Although the α3 nAChR subunit was the first mammalian subunit cloned [133], relatively
little is known regarding its involvement in brain function. Neuronal expression of α3
subunit mRNA is most predominantly found in the MHb, IPN, hippocampus, and VTA
[62,114,134], and α3β* and α3β3β4* nAChRs are known to regulate acetylcholine release in
the habenulo-interpeduncular tract [26]. Novel compounds with selectivity for α3* nAChRs
remain in the early stages of development and/or exhibit off-target actions at other classes of
nAChR subtypes, such as α6* nAChRs [135–139]. For instance, the nicotinic antagonist
bPiDDB is thought to antagonize α3* nAChRs, but may have an even greater action at
α6β2* nAChRs [140–142]. Nevertheless, α3* nAChRs are thought to play a major role in
regulating the stimulatory effects of nicotine on dopamine transmission in the NAc and
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striatum [143, 144], suggesting that these nAChRs are likely to play a key role in regulating
nicotine self-administration behavior. Indeed, bPiDDB dose-dependently decreased nicotine
self-administration and nicotine-induced hyperactivity [141]. Unfortunately, null mutation
of the α3 nAChR subunit gene leads to autonomic dysfunction and results in postnatal
lethality in mice on a C575BL6 background [145], so examination of α3 knockout mice for
nicotine self-administration has been greatly hampered. Interestingly, however, a genetically
modified mouse was recently created with pharmacological sensitivity to α-bungaratoxin (α-
Bgt) [146]. Specifically, chimeric α3 nAChR subunits were generated by substituting five
amino acids in the α3 subunit with the corresponding residues from the muscle α1 subunit
from Torpedo californica, rendering α3* nAChRs in these mice sensitive to blockade by α-
Bgt [146]. It will be interested to assess the effects of α-Bgt on nicotine self-administration
in these knock-in mice on a wildtype background and also on an α7 nAChR subunit KO
background since α7 nAChRs are also sensitive to α-Bgt blockade.

α6* nAChRs in nicotine self-administration
The α6* nAChR subtype is considered a major class of nAChR involved in regulating the
reinforcing properties of nicotine. Recent evidence for genome-wide association studies
have shown that genetic variation in the CHRNA6-CHRNB3 gene cluster, encoding the α6
and α3 nAChR subunits respectively, increase vulnerability to tobacco smoking [147–149].
There is dense expression of α6 subunit mRNA in the VTA, SN, NAc, MHb, IPN, and locus
coeruleus [150–153]. In the VTA, α6* nAChRs appear to regulate GABA release onto
dopamine neurons [154], and following nicotine self-administration, α6 mRNA expression
is markedly upregulated [155]. In the striatum, dopaminergic terminals express α6β2β3* and
α4α6β2β3* nAChR subtypes [156– 158], with considerable evidence suggesting that these
α6* nAChRs regulate the stimulatory effects of nicotine on dopamine release in this region
[157]. Intriguingly, the α4α6β2β3* nAChR subtype is enriched in the NAc and striatum has
the highest sensitivity to nicotine of any native nAChR so far identified [159]. Hence, it is
an interesting possibility that the shape of the D–R curve for nicotine self-administration
may reflect activation of mesoaccumbens α4α6β2β3* nAChR at lower doses of nicotine,
supporting increased responding for nicotine intake (ascending limb of D–R curve).
However, as the amounts of nicotine consumed continue to increase, then α5* nAChRs in
the MHb-IPN tract may be activated, which serves to limit nicotine intake and decrease
responding (descending limb of D–R curve).

As noted above, the effects of bPiDDB may be due to actions on α6β2* nAChRs, leading to
a reduction in nicotine intake in rats [141]. Recently, α-conotoxin MII (αCTX MII), has
been identified as a selective antagonist of α6β2* nAChRs [152, 160]. In the mouse NAc in
vitro, αCTX MII attenuates dopamine release induced by single and low-frequency neuronal
firing, while enhancing dopamine release with high-frequency firing [161]. Infusions of
αCTX MII into the shell compartment of the NAc decreases the motivation to self-
administer nicotine in rats [162]. Further, administration of αCTX MII into the VTA
decreases nicotine self-administration behavior and also attenuates nicotine-induced
dopamine release in the NAc [163]. Striatal dopamine release can be similarly inhibited with
αCTX MII and a novel compound, bPiDI, an analogue of bPiDDB [164]. Systemic
administration of bPiDI also decreases nicotine self-administration in rats [164]. In mice,
knockdown of α6 subunit mRNA with antisense oligonucleotides attenuates the stimulatory
effects of nicotine on locomotion [165]. Furthermore, Pons and colleagues have found that
α6 KO mice do not acquire nicotine self-administration behavior [92]. However, lentiviral-
mediated re-expression of α6 subunits in the VTA of the α6 KO mice re-established
sensitivity to nicotine, and the KO mice responded for nicotine infusions at the same rate as
their wildtype counterparts [92]. These findings support a key role for α6* nAChRs in VTA-
NAc in regulating nicotine self-administration behavior.
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α7* nAChRs in nicotine self-administration
Similar to the α4 and β2 nAChR subunits, the α7 subunit exhibits widespread expression
throughout the brain. The greatest density of α7 subunit mRNA expression is found in the
amygdala, hypothalamus and hippocampus [166]. Unlike most other nAChR subunits, the
α7 subunit form functional homopentameric receptors in CNS [167]. In the VTA,
approximately 40% of dopaminergic and GABAergic neurons express α7 subunit mRNA
[61], and α7 nAChRs regulate presynaptic glutamate release onto dopamine neurons [168–
170]. Administration of the α7 nAChR antagonist methyllycaconitine (MLA) into the VTA
attenuates nicotine-induced conditioned rewarding effects and nicotine-induced lowering of
ICSS thresholds in rats [171, 172]. This suggests that α7 nAChRs regulate the reward-
enhancing properties of nicotine that may support nicotine self-administration behavior.
However, the precise role for α7* nAChRs in regulating nicotine intake remains unclear.
Markou and Patterson found that systemically administered MLA decreased nicotine self-
administration in rats [173]. In contrast, Grottick and colleagues found that MLA had no
effect on nicotine self-administration or nicotine-stimulated locomotion in rats [174].
Interestingly, prior nicotine exposure alters the ability of MLA to enter the brain [175], an
effect that may have contributed to differences found between the two studies. Furthermore,
MLA may antagonize non-α7* nAChRs also [176], making it difficult to attribute any action
of MLA specifically to an action at α7* nAChRs in the reward-related actions of nicotine. It
was found that α7 subunit KO mice had no difference in nicotine self-administration
behavior or nicotine-induced conditioned place preference compared with wildtype mice
[91, 92]. Taken together, there is some evidence supporting for α7* nAChRs in regulating
nicotine intake, but much work still needs to be done to properly define the precise
contribution of this subtype of nAChR to nicotine reinforcement.

Overall, the above data suggest a role for the α4*, α6* and β2* nAChRs in the positive
reinforcing effects of nicotine, and α5* nAChRs in the aversive processing of nicotine. The
balance among the respective contribution of certain nAChR subtypes likely contributes to
the subjective nature of nicotine’s reinforcing qualities that thereby determine the quantity
of nicotine consumed by an individual. Much less is known about the roles of α2, α3, β3 and
β4 nAChR subunits in nicotine reinforcement. In addition, research efforts should be
directed at identifying the specific receptor combinations of subunits within brain regions
that may differentially modify neuronal responses to nicotine. With further investigation of
the nAChR subunits involved in nicotine reinforcement, novel pharmaceuticals may be
developed to selectively act discretely on select nAChR subtypes with the goal of
developing novel, highly efficacious treatment options for smoking cessation.

nAChRs in psychomotor stimulant self-administration
Tobacco smoking behavior is often associated with the abuse of other classes of addictive
drugs including psychomotor stimulants and opiates [177], and the consumption of illicit
drugs can impact tobacco use [178]. This suggests that, in addition to regulating nicotine
self-administration behavior, endogenous cholinergic transmission at nAChRs also plays a
key role in influencing the reinforcing properties of other classes of addictive drugs [179–
183]. Although not considered in detail here, it is important to note that illicit drugs may
also impact nAChR function and thereby influence tobacco use [184]. Epidemiological
studies have shown that there is a higher prevalence of cigarette smoking among cocaine-
dependent individuals [185]. Human genome-wide association studies have also shown that
the same risk alleles in the CHRNA5 gene, which encodes the α5 nAChR subunit, may be
protective against cocaine dependence [106]. Decreased cholinergic activity has been
detected in the brains of methamphetamine users, reflected in decreased expression of
choline acetyltransferases and elevated vesicular acetylcholine transporter expression [186].
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Interestingly, the nAChR antagonist mecamylamine reduces cravings for cocaine in human
users [187]. These findings suggest that similar brain circuitries, and nAChRs within these
circuits, regulate the reinforcing properties of cocaine and nicotine.

In rats, nAChR antagonists attenuate amphetamine-induced behavioral effects including
locomotor sensitization [179, 188] and the discriminative effects of the drug [189].
Conversely, nicotine facilitates the development of sensitized locomotor activity in response
to amphetamines [190–194]. This effect of nicotine appears to be dependent on (β2* but not
α7* nAChRs, as DHβE but not MLA blocked amphetamine-stimulated locomotion [195].
Nicotine increases cocaine self-administration behavior [196]. Conversely, mecamylamine
reduces cocaine self-administration behavior [197, 198] and prevents the development of
escalated cocaine self-administration behavior in rats with extended daily access to cocaine
[199]. Intra-NAc infusion of mecamylamine or co-infusion of DHβE and MLA blocks the
stimulatory effects of cocaine on NAc dopamine release [181]. Further, mecamylamine
blocks the rewarding properties of cocaine as measured in a preference conditioning
procedure [200]. The putative α3β4* nAChR antagonist 18-MC decreases cocaine and
methamphetamine self-administration in rats [201–204]. nAChRs are also believed to play a
contributory role in relapse-like behaviors to psychostimulant seeking in rats. Indeed,
nicotine and the acetylcholinesterase inhibitor donepezil attenuate reinstatement of
previously extinguished methamphetamine seeking in abstinent rats [180, 205].

More recently, Deisseroth and colleagues have used a novel optogenetics approach to
modulate the activity of cholinergic interneurons in the NAc of mice [206]. Using this
approach they have shown that cholinergic transmission at nAChRs in NAc regulates the
activity of medium spiny neurons in this brain site [206]. Moreover, silencing of cholinergic
interneurons in NAc prevented the establishment of a cocaine-induced conditioned place
preference [206], supporting a key role for cholinergic transmission at nAChRs in the
rewarding properties of cocaine. Consistent with this notion, mecamylamine disrupts the
development of a place preference to a low (5 mg/kg) cocaine dose [207]. Moreover, β2
nAChR subunit KO mice show decreased place preference to cocaine [207]. These findings
suggest that β2* and perhaps also α3β4* nAChRs play a key role in regulating cocaine
reward. Cocaine self-administration behavior in mice with genetic manipulation of
individual nAChRs has not yet been assessed. It would therefore be important to more
directly assess the role for discrete nAChR subunits in cocaine reinforcement by assessing
cocaine self-administration behavior in nAChR subunit KO mice.

nAChRs in ethanol self-administration
There is a strong link between alcohol consumption and tobacco smoking in humans.
Epidemiological studies suggest that approximately 80–90% of alcoholics are also tobacco
smokers [208–212]. Conversely, tobacco smokers are reported to consume twice the amount
of alcohol as non-smokers [213]. Further, the incidence of alcohol abuse is estimated to be
between 10 and 14 times higher in tobacco smokers than in non-smokers [214]. In rats,
nicotine enhances ethanol consumption and reinstates previously extinguished alcohol
seeking behaviors [215]. Offspring from ethanol-preferring rats display higher susceptibility
to nicotine self-administration and relapse [216], suggesting that genetic and epigenetic
factors that influence vulnerability to alcoholism may also influence vulnerability to
smoking. Consistent with this notion, humans carrying risk alleles in CHRNA5-CHRNA3-
CHRNB4 gene cluster and the CHRNA6-CHRNB3 gene cluster have increased vulnerability
to develop both tobacco smoking and alcohol abuse [217–222]. Genetic variation in the
genes encoding the α5 and β4 nAChR subunits also influences alcohol preference in mice
[223]. More directly, mecamylamine decreases the desire to consume alcohol in healthy
volunteers [224], and attenuates the self-reported euphoric effects of alcohol consumption
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[225]. This has led to the idea that nAChRs may be viable targets for the development of
novel therapeutics for alcoholism.

Similar to nicotine and psychomotor stimulants, the reinforcing properties of alcohol are
believed to involve dopaminergic transmission in the mesoaccumbens system. Ethanol
increases dopamine release in NAc [226]. Peripheral or intra-VTA administration of
mecamylamine of nAChRs attenuates the stimulatory effects of ethanol on NAc dopamine
release [227–230]. Further, in rats mecamylamine and 18-MC also reduce preference for
alcohol [227] and volitional intake [227, 228, 231, 232].

New studies are beginning to identify the nAChR subtypes likely to be involved in the
reinforcing properties of ethanol. Similar to nicotine and psychomotor stimulant
reinforcement, β2* nAChRs are likely to regulate ethanol consumption, but may be less
important in regulating alcohol intake compared with other drugs of abuse. Using [123I]-5-
IA-85380 as an imaging agent for β2 nAChRs in the brain, it was reported that chronic oral
consumption of alcohol resulted in decreased β2* nAChR availability throughout cortex and
thalamus of non-human primates [233]. In rats, the β2* nAChRs were also reported to play a
role in ethanol-dependent locomotor activity [234], and ethanol-induced ataxia [235].
However, Picciotto and colleagues found that β2 KO mice consumed a similar amount of
ethanol as wildtype mice [236]. In contrast, α7 KO mice drank significantly less ethanol
than wildtype mice, but consumed comparable amounts of water, saccharin, and quinine
[236]. In wildtype mice, varenicline dose-dependently decreased ethanol intake [236]
similarly in the β2 and α7 KO mice [236], consistent with previously reported inhibitory
effects of varenicline on alcohol drinking results in rats [237]. This suggests that β2* and
α7* nAChRs are not involved in regulating the inhibitory effects of varenicline on alcohol
intake, and perhaps not involved in alcohol reinforcement. Instead, perhaps the α3β4*
nAChRs, regulate the inhibitory effects of varenicline on alcohol consumption, as the α3β4*
nAChR partial agonists CP-601932 and PF-4575180 decrease volitional ethanol intake in
rats [238]. In addition to α3β4* nAChR, there is some evidence that α4* nAChRs may also
regulate the inhibitory effects of varenicline on ethanol intake. Indeed, α4 subunit knock-in
mice expressing hyper-responsive α4* nAChRs were dramatically more sensitive to the
inhibitory effects of varenicline on ethanol consumption compared with wildtype littermates
[239]. Furthermore, varenicline-induced reductions in ethanol consumption were attenuated
in α4 KO mice compared with wildtype mice [239]. Taken together, these findings suggest
that α4*, α3β4*, α7*, and to a far lesser extent, β2* nAChRs regulate alcohol consumption.
However, the role for other nAChRs in ethanol consumption, particularly α5*, α6* and β3*
nAChRs thought to play an important role in regulating nicotine intake, remains poorly
understood.

nAChR Role in cannabinoid self-administration
Nicotinic receptors, particularly α7* nAChRs, appear to play an important role in the
reinforcing properties of cannabinoids. The relatively selective α7* nAChR antagonist MLA
(see above for evidence of action at other nAChR subtypes) attenuates increases in
dopamine overflow in the NAc in response to the cannabinoid receptor agonist Δ9-
tetrahydrocannabinol (THC), the major psychoactive ingredient in cannabis [240]. MLA
also reduces the discriminative effects of THC, and decreases self-administration of the
cannabinoid-1 (CB1) receptor agonist WIN55, 212–2 [240]. This suggests that α7* nAChR
play an important role in modulating the reinforcing effects of cannabinoids. Interestingly,
pharmacological blockade of CB1 receptors can attenuate the reinforcing properties of
nicotine. Indeed, the CB1 receptor antagonist SR141716 (rimonabant; Acomplia) decreases
cigarette consumption in smokers [241–243]. Based on concerns related to suicidal ideation
in small numbers of these treated with rimonabant [244], the use of this agent has been
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suspended in Europe and has not been approved for use in the United States. Rimonabant
also abolishes nicotine-induced place conditioning in mice [245] and CB1 receptor KO mice
fail to develop a nicotine-induced place preference [246]. Rimonabant also decreased
nicotine self-administration in rats [247]. These findings support an important interaction
between nAChRs and cannabinoid receptors in regulating drug reward. However, the precise
nAChR subtypes that may regulate these interactions remain unclear.

nAChRs in opiate self-administration
There is considerable evidence suggesting that opioid and nicotinic receptor systems may
interact to regulate opioid and nicotine intake. Similar to its role in vulnerability to tobacco
and alcohol dependence, genetic variation in the CHRNA5-CHRNA3-CHRNB4 gene cluster
increases vulnerability to opioid dependence [248]. Furthermore, genetic deletion of the
preprodynorphin gene (dynorphin is an agonist primarily at κ-opioid receptors) increases
nicotine self-administration behavior in mice [43]. Conversely, genetic disruption of the µ-
opioid receptor signaling decreases the rewarding and reinforcing properties of nicotine
[249, 250], although it is thought that µ-opioid receptors may play a more important role in
nicotine-seeking rather than nicotine-taking behaviors [251, 252].

Physostigmine, a acetylcholinesterase inhibitor, reduces heroin acquisition and self-
administration in rats [253]. Physostigmine administered directly into the NAc also inhibits
morphine-induced locomotor sensitization and place conditioning [254], as well as cue-
induced reinstatement of heroin seeking [253]. These findings support a role for cholinergic
transmission in regulating opiate reinforcement. However, the effects of physostigmine on
heroin self-administration and reinstatement are most likely related to muscarinic actions of
the drug, as scopolamine but not mecamylamine reversed these effects [253]. Nevertheless,
18-MC (putative α3β4* nAChR antagonist), particularly after direct administration into the
MHb or IPN, decreases morphine self-administration in rats [204, 255, 256]. Indeed,
dextromethorphan (DM), a structural analog of morphine and a popular cough suppressant,
has also been shown to attenuate opiate tolerance in rats [257]. Similar to 18-MC, DM may
also antagonize α3β4* nAChRs [258]. More recently, disruption of α4β2* or α7* nAChR
signaling through DHβE or MLA administration, respectively, blocked the morphine-
induced place conditioning [259].

The contribution of precise nAChR subtypes to opiate reinforcement remains largely
unknown. Hence, it will be important to assess opiate self-administration behavior in mice
with null mutation in different nAChR subunits to provide a deeper understanding of the
relationship between nicotinic receptors and opiate reinforcement.

Conclusions
The use of genetically modified mice is beginning to reveal which nAChRs subunits play a
role in nicotine reinforcement. Intriguingly, the use of subunit knockout mice is revealing
that different subunits play dissociable roles in different aspects of nicotine self-
administration behavior. For example, α4* and β2* nAChRs appear to play a central role in
regulating the stimulatory effects of nicotine on brain reward systems and to regulate the
positive reinforcing effects of nicotine. Conversely, α5* nAChRs appear to regulate
inhibitory effects of nicotine on brain reward systems and their deletion actually increases
sensitivity to the reinforcing properties of nicotine. These studies are therefore revealing
fundamental insights into the mechanics of nicotine reinforcement that may be of
considerable clinical utility for the development of novel smoking cessation therapeutics.
Emerging evidence suggests that endogenous cholinergic transmission at nAChRs also play
key role in regulating the reinforcing properties of other classes of addictive drugs including
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psychomotor stimulants, opiates, alcohol and cannabinoids. Hence, increased understanding
of the roles for nAChRs in drug reward may prove valuable for therapeutic interventions for
all forms of substance abuse disorders. These studies also highlight current technical
limitations in understating which populations of neurons in the brain express particular
nAChR subtypes that contribute to drug-taking behaviors. As such, it will be important to
develop conditional knockout mice, in which the expression of individual nAChR subunits
can be altered in discrete cell populations, to address this critical issue.

Acknowledgments
Supported by the National Institute on Drug Abuse (DA020686 to PJK). This is manuscript #21235 from Scripps
Florida.

REFERENCES
1. Mathers CD, Loncar D. Projections of global mortality and burden of disease from 2002 to 2030.

PLoS Med. 2006; 3:e442. [PubMed: 17132052]
2. Ezzati M, Lopez AD. Estimates of global mortality attributable to smoking in 2000. Lancet. 2003;

362:847–852. [PubMed: 13678970]
3. Coe JW, Brooks PR, Vetelino MG, Wirtz MC, Arnold EP, Huang J, et al. Varenicline: an

alpha4beta2 nicotinic receptor partial agonist for smoking cessation. J Med Chem. 2005; 48:3474–
3477. [PubMed: 15887955]

4. Doll R, Peto R, Boreham J, Sutherland I. Mortality in relation to smoking: 50 years7 observations
on male British doctors. BMJ. 2004; 328:1519. [PubMed: 15213107]

5. Murray CJ, Lopez AD. Alternative projections of mortality and disability by cause 1990–2020:
Global Burden of Disease Study. Lancet. 1997; 349:1498–1504. [PubMed: 9167458]

6. Peto R, Darby S, Deo H, Silcocks P, Whitley E, Doll R. Smoking, smoking cessation, and lung
cancer in the UK since 1950: combination of national statistics with two case-control studies. BMJ.
2000; 321:323–329. [PubMed: 10926586]

7. Doll R, Peto R, Wheatley K, Gray R, Sutherland I. Mortality in relation to smoking: 40 years'
observations on male British doctors. BMJ. 1994; 309:901–911. [PubMed: 7755693]

8. Benowitz NL. Pharmacology of nicotine: addiction, smoking-induced disease, and therapeutics.
Annu Rev Pharmacol Toxicol. 2009; 49:57–71. [PubMed: 18834313]

9. Knight C, Howard P, Baker CL, Marton JP. The Cost-Effectiveness of an Extended Course (12 + 12
Weeks) of Varenicline Compared with Other Available Smoking Cessation Strategies in the United
States: An Extension and Update to the BENESCO Model. Value Health. 2009

10. Stolerman IP, Jarvis MJ. The scientific case that nicotine is addictive. Psychopharmacology (Berl).
1995; 117:2–10. [PubMed: 7724697]

11. Guillem K, Vouillac C, Azar MR, Parsons LH, Koob GF, Cador M, et al. Monoamine oxidase
inhibition dramatically increases the motivation to self-administer nicotine in rats. J Neurosci.
2005; 25:8593–8600. [PubMed: 16177026]

12. Fowler JS, Wang GJ, Volkow ND, Franceschi D, Logan J, Pappas N, et al. Maintenance of brain
monoamine oxidase B inhibition in smokers after overnight cigarette abstinence. The American
journal of psychiatry. 2000; 157:1864–1866. [PubMed: 11058487]

13. Fowler JS, Volkow ND, Wang GJ, Pappas N, Logan J, MacGregor R, et al. Inhibition of
monoamine oxidase B in the brains of smokers. Nature. 1996; 379:733–736. [PubMed: 8602220]

14. Kenny PJ, Markou A. Neurobiology of the nicotine withdrawal syndrome. Pharmacol Biochem
Behav. 2001; 70:531–549. [PubMed: 11796152]

15. Advancing from the Ventral Striatum to the Extended Amygdala: Implications for Neuropsychiatry
and Drug Abuse. Ann N Y Acad Sci; Conference in honor of Lennart Heimer; October 18–21;
Charlottesville, Virginia, USA. 1999. p. 1-835.

16. Domino EF. Round table on nicotinic receptors in addiction: summary report. Eur J Pharmacol.
2000; 393:315–320. [PubMed: 10771026]

Tuesta et al. Page 13

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



17. Lena C, Changeux JP. Allosteric nicotinic receptors, human pathologies. J Physiol Paris. 1998;
92:63–74. [PubMed: 9782446]

18. Albuquerque EX, Pereira EF, Castro NG, Alkondon M, Reinhardt S, Schroder H, et al. Nicotinic
receptor function in the mammalian central nervous system. Ann N Y Acad Sci. 1995; 757:48–72.
[PubMed: 7611705]

19. Elgoyhen AB, Vetter DE, Katz E, Rothlin CV, Heinemann SF, Boulter J. alpha10: a determinant of
nicotinic cholinergic receptor function in mammalian vestibular and cochlear mechanosensory hair
cells. Proc Natl Acad Sci U S A. 2001; 98:3501–3506. [PubMed: 11248107]

20. Elgoyhen AB, Johnson DS, Boulter J, Vetter DE, Heinemann S. Alpha 9: an acetylcholine receptor
with novel pharmacological properties expressed in rat cochlear hair cells. Cell. 1994; 79:705–
715. [PubMed: 7954834]

21. Le Novere N, Corringer PJ, Changeux JP. The diversity of subunit composition in nAChRs:
evolutionary origins, physiologic and pharmacologic consequences. J Neurobiol. 2002; 53:447–
456. [PubMed: 12436412]

22. Deneris ES, Connolly J, Rogers SW, Duvoisin R. Pharmacological and functional diversity of
neuronal nicotinic acetylcholine receptors. Trends Pharmacol Sci. 1991; 12:34–40. [PubMed:
2006540]

23. Sargent PB. The diversity of neuronal nicotinic acetylcholine receptors. Ann Rev Neurosci. 1993;
16:403–443. [PubMed: 7681637]

24. Flores CM, Rogers SW, Pabreza LA, Wolfe BB, Kellar KJ. A subtype of nicotinic cholinergic
receptor in rat brain is composed of alpha 4 and beta 2 subunits and is up-regulated by chronic
nicotine treatment. Mol Pharmacol. 1992; 41:31–37. [PubMed: 1732720]

25. Sheffield EB, Quick MW, Lester RA. Nicotinic acetylcholine receptor subunit mRNA expression
and channel function in medial habenula neurons. Neuropharmacology. 2000; 39:2591–2603.
[PubMed: 11044729]

26. Grady SR, Moretti M, Zoli M, Marks MJ, Zanardi A, Pucci L, et al. Rodent habenulo-
interpeduncular pathway expresses a large variety of uncommon nAChR subtypes, but only the
alpha3beta4* and alpha3beta3beta4* subtypes mediate acetylcholine release. J Neurosci. 2009;
29:2272–2282. [PubMed: 19228980]

27. Caggiula AR, Donny EC, White AR, Chaudhri N, Booth S, Gharib MA, et al. Environmental
stimuli promote the acquisition of nicotine self-administration in rats. Psychopharmacology (Berl).
2002; 163:230–237. [PubMed: 12202970]

28. Caggiula AR, Donny EC, White AR, Chaudhri N, Booth S, Gharib MA, et al. Cue dependency of
nicotine self-administration and smoking. Pharmacol Biochem Behav. 2001; 70:515–530.
[PubMed: 11796151]

29. Sutherland MT, Ross TJ, Shakleya DM, Huestis MA, Stein EA. Chronic smoking, but not acute
nicotine administration, modulates neural correlates of working memory. Psychopharmacology
(Berl). 2011; 213:29–42. [PubMed: 20862456]

30. Herman AI, Sofuoglu M. Cognitive effects of nicotine: genetic moderators. Addiction biology.
2010; 15:250–265. [PubMed: 20456288]

31. Evans DE, Drobes DJ. Nicotine self-medication of cognitive-attentional processing. Addiction
biology. 2009; 14:32–42. [PubMed: 18855804]

32. Elrod K, Buccafusco JJ, Jackson WJ. Nicotine enhances delayed matching-to-sample performance
by primates. Life Sci. 1988; 43:277–287. [PubMed: 2899825]

33. Kenny PJ, Markou A. Neurobiology of the nicotine withdrawal syndrome. Pharmacol Biochem
Behav. 2001; 70:531–549. [PubMed: 11796152]

34. Sinha R, Shaham Y, Heilig M. Translational and reverse translational research on the role of stress
in drug craving and relapse. Psychopharmacology (Berl). 2011

35. Knackstedt LA, Kalivas PW. Glutamate and reinstatement. Curr Opin Pharmacol. 2009; 9:59–64.
[PubMed: 19157986]

36. Markou, AReview. Neurobiology of nicotine dependence. Philos Trans R Soc Lond B Biol Sci.
2008; 363:3159–3168. [PubMed: 18640919]

Tuesta et al. Page 14

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



37. Harvey DM, Yasar S, Heishman SJ, Panlilio LV, Henningfield JE, Goldberg SR. Nicotine serves
as an effective reinforcer of intravenous drug-taking behavior in human cigarette smokers.
Psychopharmacology (Berl). 2004

38. Goldberg SR, Spealman RD, Goldberg DM. Persistent behavior at high rates maintained by
intravenous self-administration of nicotine. Science. 1981; 214:573–575. [PubMed: 7291998]

39. Risner ME, Goldberg SR. A comparison of nicotine and cocaine self-administration in the dog:
fixed-ratio and progressive-ratio schedules of intravenous drug infusion. J Pharmacol Exp Ther.
1983; 224:319–326. [PubMed: 6822957]

40. Corrigall WA, Coen KM. Nicotine maintains robust self-administration in rats on a limited-access
schedule. Psychopharmacology (Berl). 1989; 99:473–478. [PubMed: 2594913]

41. Hollander JA, Lu Q, Cameron MD, Kamenecka TM, Kenny PJ. Insular hypocretin transmission
regulates nicotine reward. Proc Natl Acad Sci U S A. 2008; 105:19480–19485. [PubMed:
19033203]

42. Fowler CD, Lu Q, Johnson PM, Marks MJ, Kenny PJ. Habenular alpha5 nicotinic receptor subunit
signalling controls nicotine intake. Nature. 2011; 471:597–601. [PubMed: 21278726]

43. Galeote L, Berrendero F, Bura SA, Zimmer A, Maldonado R. Prodynorphin gene disruption
increases the sensitivity to nicotine self-administration in mice. Int J Neuropsychopharmacol.
2009; 12:615–625. [PubMed: 18937881]

44. Martin-Garcia E, Barbano MF, Galeote L, Maldonado R. New operant model of nicotine-seeking
behaviour in mice. Int J Neuropsychopharmacol. 2009; 12:343–356. [PubMed: 18752721]

45. Stolerman IP, Naylor C, Elmer GI, Goldberg SR. Discrimination and self-administration of
nicotine by inbred strains of mice. Psychopharmacology (Berl). 1999; 141:297–306. [PubMed:
10027511]

46. Lynch WJ, Carroll ME. Regulation of drug intake. Exp Clin Psychopharmacol. 2001; 9:131–143.
[PubMed: 11518086]

47. Henningfield JE, Goldberg SR. Nicotine as a reinforcer in human subjects and laboratory animals.
Pharmacol Biochem Behav. 1983; 19:989–992. [PubMed: 6657732]

48. Lynch WJ, Carroll ME. Regulation of intravenously self-administered nicotine in rats. Exp Clin
Psychopharmacol. 1999; 7:198–207. [PubMed: 10472507]

49. Spealman RD, Goldberg SR. Maintenance of schedule-controlled behavior by intravenous
injections of nicotine in squirrel monkeys. J Pharmacol Exp Ther. 1982; 223:402–408. [PubMed:
7131295]

50. Watkins SS, Epping-Jordan MP, Koob GF, Markou A. Blockade of nicotine self-administration
with nicotinic antagonists in rats. Pharmacol Biochem Behav. 1999; 62:743–751. [PubMed:
10208381]

51. Fowler CD, Kenny PJ. Characterization of a novel procedure for intravenous nicotine self-
administration in mice. Neuropsychopharmacology Under consideration.

52. Stolerman I, Goldfarb T, Fink R, Jarvik M. Influencing cigarette smoking with nicotine
antagonists. Psychopharmacology (Berl). 1979:28.

53. Rose JE, Sampson A, Levin ED, Henningfield JE. Mecamylamine increases nicotine preference
and attenuates nicotine discrimination. Pharmacol Biochem Behav. 1989; 32:933–938. [PubMed:
2798542]

54. Rose JE, Behm FM, Westman EC, Bates JE. Mecamylamine acutely increases human intravenous
nicotine self-administration. Pharmacol Biochem Behav. 2003; 76:307–313. [PubMed: 14592683]

55. Tapper AR, McKinney SL, Nashmi R, Schwarz J, Deshpande P, Labarca C, et al. Nicotine
activation of alpha4* receptors: sufficient for reward, tolerance, and sensitization. Science. 2004;
306:1029–1032. [PubMed: 15528443]

56. Corrigall WA, Franklin KB, Coen KM, Clarke PB. The mesolimbic dopaminergic system is
implicated in the reinforcing effects of nicotine. Psychopharmacology (Berl). 1992; 107:285–289.
[PubMed: 1615127]

57. David V, Besson M, Changeux JP, Granon S, Cazala P. Reinforcing effects of nicotine
microinjections into the ventral tegmental area of mice: dependence on cholinergic nicotinic and
dopaminergic D1 receptors. Neuropharmacology. 2006; 50:1030–1040. [PubMed: 16580026]

Tuesta et al. Page 15

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



58. Ikemoto S, Qin M, Liu ZH. Primary reinforcing effects of nicotine are triggered from multiple
regions both inside and outside the ventral tegmental area. J Neurosci. 2006; 26:723–730.
[PubMed: 16421292]

59. Fu Y, Matta SG, Gao W, Brower VG, Sharp BM. Systemic nicotine stimulates dopamine release in
nucleus accumbens: re-evaluation of the role of N-methyl-D-aspartate receptors in the ventral
tegmental area. J Pharmacol Exp Ther. 2000; 294:458–465. [PubMed: 10900219]

60. Grillner P, Svensson TH. Nicotine-induced excitation of midbrain dopamine neurons in vitro
involves ionotropic glutamate receptor activation. Synapse. 2000; 38:1–9. [PubMed: 10941135]

61. Klink R, de Kerchove d'Exaerde A, Zoli M, Changeux JP. Molecular and physiological diversity of
nicotinic acetylcholine receptors in the midbrain dopaminergic nuclei. J Neurosci. 2001; 21:1452–
1463. [PubMed: 11222635]

62. Charpantier E, Barneoud P, Moser P, Besnard F, Sgard F. Nicotinic acetylcholine subunit mRNA
expression in dopaminergic neurons of the rat substantia nigra and ventral tegmental area.
Neuroreport. 1998; 9:3097–3101. [PubMed: 9804323]

63. Mameli-Engvall M, Evrard A, Pons S, Maskos U, Svensson TH, Changeux JP, et al. Hierarchical
control of dopamine neuron-firing patterns by nicotinic receptors. Neuron. 2006; 50:911–921.
[PubMed: 16772172]

64. Mansvelder HD, Keath JR, McGehee DS. Synaptic mechanisms underlie nicotine-induced
excitability of brain reward areas. Neuron. 2002; 33:905–919. [PubMed: 11906697]

65. Gentry CL, Lukas RJ. Regulation of nicotinic acetylcholine receptor numbers and function by
chronic nicotine exposure. Curr Drug Targets CNS Neurol Disord. 2002; 1:359–385. [PubMed:
12769610]

66. Nashmi R, Xiao C, Deshpande P, McKinney S, Grady SR, Whiteaker P, et al. Chronic nicotine
specifically upregulates functional alpha 4* nicotinic receptors: basis for both tolerance in
midbrain and enhanced long-term potentiation in perforant path. J Neurosci. 2007; 27:8202–8218.
[PubMed: 17670967]

67. Benwell ME, Balfour DJ, Anderson JM. Evidence that tobacco smoking increases the density of
(−)-[3H]nicotine binding sites in human brain. J Neurochem. 1988; 50:1243–1247. [PubMed:
3346676]

68. Breese CR, Marks MJ, Logel J, Adams CE, Sullivan B, Collins AC, et al. Effect of smoking
history on [3H]nicotine binding in human postmortem brain. J Pharmacol Exp Ther. 1997; 282:7–
13. [PubMed: 9223534]

69. Liu X, Koren AO, Yee SK, Pechnick RN, Poland RE, London ED. Self-administration of 5-iodo-
A-85380, a beta2-selective nicotinic receptor ligand, by operantly trained rats. Neuroreport. 2003;
14:1503–1505. [PubMed: 12960773]

70. Cohen C, Bergis OE, Galli F, Lochead AW, Jegham S, Biton B, et al. SSR591813, a novel
selective and partial alpha4beta2 nicotinic receptor agonist with potential as an aid to smoking
cessation. J Pharmacol Exp Ther. 2003; 306:407–420. [PubMed: 12682217]

71. Yoshimura RF, Hogenkamp DJ, Li WY, Tran MB, Belluzzi JD, Whittemore ER, et al. Negative
allosteric modulation of nicotinic acetylcholine receptors blocks nicotine self-administration in
rats. J Pharmacol Exp Ther. 2007; 323:907–915. [PubMed: 17873105]

72. Mihalak KB, Carroll FI, Luetje CW. Varenicline is a partial agonist at alpha4beta2 and a full
agonist at alpha7 neuronal nicotinic receptors. Mol Pharmacol. 2006; 70:801–805. [PubMed:
16766716]

73. O'onnor EC, Parker D, Rollema H, Mead AN. The alpha4beta2 nicotinic acetylcholine-receptor
partial agonist varenicline inhibits both nicotine self-administration following repeated dosing and
reinstatement of nicotine seeking in rats. Psychopharmacology (Berl). 2010; 208:365–376.
[PubMed: 19967529]

74. Tonstad S, Holme I, Tonnesen P. Dianicline, a novel alpha4beta2 nicotinic acetylcholine receptor
partial agonist, for smoking cessation: a randomized placebo-controlled clinical trial. Nicotine Tob
Res. 2011; 13:1–6. [PubMed: 21041839]

75. Lam S, Patel PN. Varenicline: a selective alpha4beta2 nicotinic acetylcholine receptor partial
agonist approved for smoking cessation. Cardiol Rev. 2007; 15:154–161. [PubMed: 17438382]

Tuesta et al. Page 16

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



76. Cahill K, Stead LF, Lancaster T. Nicotine receptor partial agonists for smoking cessation.
Cochrane Database Syst Rev. 2011; 2:CD006103. [PubMed: 21328282]

77. Ascher JA, Cole JO, Colin JN, Feighner JP, Ferris RM, Fibiger HC, et al. Bupropion: a review of
its mechanism of antidepressant activity. J Clin Psychiatry. 1995; 56:395–401. [PubMed:
7665537]

78. Slemmer JE, Martin BR, Damaj MI. Bupropion is a nicotinic antagonist. J Pharmacol Exp Ther.
2000; 295:321–327. [PubMed: 10991997]

79. Rauhut AS, Hawrylak M, Mardekian SK. Bupropion differentially alters the aversive, locomotor
and rewarding properties of nicotine in CD-1 mice. Pharmacol Biochem Behav. 2008; 90:598–
607. [PubMed: 18556053]

80. Bruijnzeel AW, Markou A. Characterization of the effects of bupropion on the reinforcing
properties of nicotine and food in rats. Synapse. 2003; 50:20–28. [PubMed: 12872290]

81. Cryan JF, Bruijnzeel AW, Skjei KL, Markou A. Bupropion enhances brain reward function and
reverses the affective and somatic aspects of nicotine withdrawal in the rat. Psychopharmacology
(Berl). 2003; 168:347–358. [PubMed: 12698231]

82. Harvey SC, Luetje CW. Determinants of competitive antagonist sensitivity on neuronal nicotinic
receptor beta subunits. J Neurosci. 1996; 16:3798–3806. [PubMed: 8656274]

83. Harvey SC, Maddox FN, Luetje CW. Multiple determinants of dihydro-beta-erythroidine
sensitivity on rat neuronal nicotinic receptor alpha subunits. J Neurochem. 1996; 67:1953–1959.
[PubMed: 8863500]

84. Picciotto MR, Zoli M, Rimondini R, Lena C, Marubio LM, Pich EM, et al. Acetylcholine receptors
containing the beta2 subunit are involved in the reinforcing properties of nicotine. Nature. 1998;
391:173–177. [PubMed: 9428762]

85. Zhou FM, Liang Y, Dani JA. Endogenous nicotinic cholinergic activity regulates dopamine release
in the striatum. Nat Neurosci. 2001; 4:1224–1229. [PubMed: 11713470]

86. Reperant C, Pons S, Dufour E, Rollema H, Gardier AM, Maskos U. Effect of the alpha4beta2*
nicotinic acetylcholine receptor partial agonist varenicline on dopamine release in beta2 knockout
mice with selective re-expression of the beta2 subunit in the ventral tegmental area.
Neuropharmacology. 2010; 58:346–350. [PubMed: 19887076]

87. Maskos U, Molles BE, Pons S, Besson M, Guiard BP, Guilloux JP, et al. Nicotine reinforcement
and cognition restored by targeted expression of nicotinic receptors. Nature. 2005; 436:103–107.
[PubMed: 16001069]

88. Besson M, David V, Suarez S, Cormier A, Cazala P, Changeux JP, et al. Genetic dissociation of
two behaviors associated with nicotine addiction: beta-2 containing nicotinic receptors are
involved in nicotine reinforcement but not in withdrawal syndrome. Psychopharmacology (Berl).
2006; 187:189–199. [PubMed: 16752141]

89. Epping-Jordan MP, Picciotto MR, Changeux JP, Pich EM. Assessment of nicotinic acetylcholine
receptor subunit contributions to nicotine self-administration in mutant mice. Psychopharmacology
(Berl). 1999; 147:25–26. [PubMed: 10591862]

90. Shoaib M, Gommans J, Morley A, Stolerman IP, Grailhe R, Changeux JP. The role of nicotinic
receptor beta-2 subunits in nicotine discrimination and conditioned taste aversion.
Neuropharmacology. 2002; 42:530–539. [PubMed: 11955523]

91. Walters CL, Brown S, Changeux JP, Martin B, Damaj MI. The beta2 but not alpha7 subunit of the
nicotinic acetylcholine receptor is required for nicotine-conditioned place preference in mice.
Psychopharmacology (Berl). 2006; 184:339–344. [PubMed: 16416156]

92. Pons S, Fattore L, Cossu G, Tolu S, Porcu E, McIntosh JM, et al. Crucial role of alpha4 and alpha6
nicotinic acetylcholine receptor subunits from ventral tegmental area in systemic nicotine self-
administration. J Neurosci. 2008; 28:12318–12327. [PubMed: 19020025]

93. Hasselmo ME, Sarter M. Modes and models of forebrain cholinergic neuromodulation of
cognition. Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology. 2011; 36:52–73. [PubMed: 20668433]

94. Martellotta MC, Kuzmin A, Zvartau E, Cossu G, Gessa GL, Fratta W. Isradipine inhibits nicotine
intravenous self-administration in drug-naive mice. Pharmacol Biochem Behav. 1995; 52:271–
274. [PubMed: 8577790]

Tuesta et al. Page 17

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



95. Paterson NE, Semenova S, Gasparini F, Markou A. The mGluR5 antagonist MPEP decreased
nicotine self-administration in rats and mice. Psychopharmacology (Berl). 2003; 167:257–264.
[PubMed: 12682710]

96. Rasmussen T, Swedberg MD. Reinforcing effects of nicotinic compounds: intravenous self-
administration in drug-naive mice. Pharmacol Biochem Behav. 1998; 60:567–573. [PubMed:
9632242]

97. Cahir E, Pillidge K, Drago J, Lawrence AJ. The Necessity of alpha4(*) Nicotinic Receptors in
Nicotine-Driven Behaviors: Dissociation Between Reinforcing and Motor Effects of Nicotine.
Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology. 2011

98. Saccone SF, Hinrichs AL, Saccone NL, Chase GA, Konvicka K, Madden PA, et al. Cholinergic
nicotinic receptor genes implicated in a nicotine dependence association study targeting 348
candidate genes with 3713 SNPs. Hum Mol Genet. 2007; 16:36–49. [PubMed: 17135278]

99. Berrettini W, Yuan X, Tozzi F, Song K, Francks C, Chilcoat H, et al. Alpha-5/alpha-3 nicotinic
receptor subunit alleles increase risk for heavy smoking. Mol Psychiatry. 2008; 13:368–373.
[PubMed: 18227835]

100. Bierut LJ, Stitzel JA, Wang JC, Hinrichs AL, Grucza RA, Xuei X, et al. Variants in nicotinic
receptors and risk for nicotine dependence. Am J Psychiatry. 2008; 165:1163–1171. [PubMed:
18519524]

101. Lips EH, Gaborieau V, McKay JD, Chabrier A, Hung RJ, Boffetta P, et al. Association between a
15q25 gene variant, smoking quantity and tobacco-related cancers among 17 000 individuals. Int
J Epidemiol. 2009

102. Thorgeirsson TE, Geller F, Sulem P, Rafnar T, Wiste A, Magnusson KP, et al. A variant
associated with nicotine dependence, lung cancer and peripheral arterial disease. Nature. 2008;
452:638–642. [PubMed: 18385739]

103. Bierut LJ, Stitzel JA, Wang JC, Hinrichs AL, Grucza RA, Xuei X, et al. Variants in nicotinic
receptors and risk for nicotine dependence. The American journal of psychiatry. 2008; 165:1163–
1171. [PubMed: 18519524]

104. Wang JC, Cruchaga C, Saccone NL, Bertelsen S, Liu P, Budde JP, et al. Risk for nicotine
dependence and lung cancer is conferred by mRNA expression levels and amino acid change in
CHRNA5. Hum Mol Genet. 2009; 18:3125–3135. [PubMed: 19443489]

105. Stevens VL, Bierut LJ, Talbot JT, Wang JC, Sun J, Hinrichs AL, et al. Nicotinic receptor gene
variants influence susceptibility to heavy smoking. Cancer Epidemiol Biomarkers Prev. 2008;
17:3517–3525. [PubMed: 19029397]

106. Grucza RA, Wang JC, Stitzel JA, Hinrichs AL, Saccone SF, Saccone NL, et al. A risk allele for
nicotine dependence in CHRNA5 is a protective allele for cocaine dependence. Biol Psychiatry.
2008; 64:922–929. [PubMed: 18519132]

107. Weiss RB, Baker TB, Cannon DS, von Niederhausern A, Dunn DM, Matsunami N, et al. A
candidate gene approach identifies the CHRNA5-A3-B4 region as a risk factor for age-dependent
nicotine addiction. PLoS Genet. 2008; 4:e1000125. [PubMed: 18618000]

108. Sherva R, Wilhelmsen K, Pomerleau CS, Chasse SA, Rice JP, Snedecor SM, et al. Association of
a single nucleotide polymorphism in neuronal acetylcholine receptor subunit alpha 5 (CHRNA5)
with smoking status and with 'pleasurable buzz' during early experimentation with smoking.
Addiction. 2008; 103:1544–1552. [PubMed: 18783506]

109. Hung RJ, McKay JD, Gaborieau V, Boffetta P, Hashibe M, Zaridze D, et al. A susceptibility
locus for lung cancer maps to nicotinic acetylcholine receptor subunit genes on 15q25. Nature.
2008; 452:633–637. [PubMed: 18385738]

110. Wang Y, Broderick P, Matakidou A, Eisen T, Houlston RS. Role of 5p15.33 (TERT-CLPTM1L),
6p21.33 and 15q25.1 (CHRNA5-CHRNA3) variation and lung cancer risk in never-smokers.
Carcinogenesis. 2010; 31:234–238. [PubMed: 19955392]

111. Amos CI, Wu X, Broderick P, Gorlov IP, Gu J, Eisen T, et al. Genome-wide association scan of
tag SNPs identifies a susceptibility locus for lung cancer at 15q25.1. Nat Genet. 2008; 40:616–
622. [PubMed: 18385676]

Tuesta et al. Page 18

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



112. Le Marchand L, Derby KS, Murphy SE, Hecht SS, Hatsukami D, Carmella SG, et al. Smokers
with the CHRNA lung cancer-associated variants are exposed to higher levels of nicotine
equivalents and a carcinogenic tobacco-specific nitrosamine. Cancer Res. 2008; 68:9137–9140.
[PubMed: 19010884]

113. Wada E, McKinnon D, Heinemann S, Patrick J, Swanson LW. The distribution of mRNA
encoded by a new member of the neuronal nicotinic acetylcholine receptor gene family (alpha 5)
in the rat central nervous system. Brain Res. 1990; 526:45–53. [PubMed: 2078817]

114. Wada E, Wada K, Boulter J, Deneris E, Heinemann S, Patrick J, et al. Distribution of alpha 2,
alpha 3, alpha 4, and beta 2 neuronal nicotinic receptor subunit mRNAs in the central nervous
system: a hybridization histochemical study in the rat. J Comp Neurol. 1989; 284:314–335.
[PubMed: 2754038]

115. Herkenham M, Nauta WJ. Efferent connections of the habenular nuclei in the rat. J Comp Neurol.
1979; 187:19–47. [PubMed: 226566]

116. London ED, Connolly RJ, Szikszay M, Wamsley JK, Dam M. Effects of nicotine on local
cerebral glucose utilization in the rat. J Neurosci. 1988; 8:3920–3928. [PubMed: 3193185]

117. Hussain RJ, Taraschenko OD, Glick SD. Effects of nicotine, methamphetamine and cocaine on
extracellular levels of acetylcholine in the interpeduncular nucleus of rats. Neurosci Lett. 2008;
440:270–274. [PubMed: 18583043]

118. Girod R, Barazangi N, McGehee D, Role LW. Facilitation of glutamatergic neurotransmission by
presynaptic nicotinic acetylcholine receptors. Neuropharmacology. 2000; 39:2715–2725.
[PubMed: 11044742]

119. Ramirez-Latorre J, Yu CR, Qu X, Perin F, Karlin A, Role L. Functional contributions of alpha5
subunit to neuronal acetylcholine receptor channels. Nature. 1996; 380:347–351. [PubMed:
8598930]

120. Wang F, Gerzanich V, Wells GB, Anand R, Peng X, Keyser K, et al. Assembly of human
neuronal nicotinic receptor alpha5 subunits with alpha3, beta2, and beta4 subunits. J Biol Chem.
1996; 271:17656–17665. [PubMed: 8663494]

121. Salas R, Orr-Urtreger A, Broide RS, Beaudet A, Paylor R, De Biasi M. The nicotinic
acetylcholine receptor subunit alpha 5 mediates short-term effects of nicotine in vivo. Mol
Pharmacol. 2003; 63:1059–1066. [PubMed: 12695534]

122. Salas R, Sturm R, Boulter J, De Biasi M. Nicotinic receptors in the habenulo-interpeduncular
system are necessary for nicotine withdrawal in mice. J Neurosci. 2009; 29:3014–3018.
[PubMed: 19279237]

123. Jackson KJ, Marks MJ, Vann RE, Chen X, Gamage TF, Warner JA, et al. Role of alpha5 nicotinic
acetylcholine receptors in pharmacological and behavioral effects of nicotine in mice. J
Pharmacol Exp Ther. 2010; 334:137–146. [PubMed: 20400469]

124. Arnold JM, Roberts DC. A critique of fixed and progressive ratio schedules used to examine the
neural substrates of drug reinforcement. Pharmacol Biochem Behav. 1997; 57:441–447.
[PubMed: 9218268]

125. Marks MJ, Pauly JR, Gross SD, Deneris ES, Hermans-Borgmeyer I, Heinemann SF, et al.
Nicotine binding and nicotinic receptor subunit RNA after chronic nicotine treatment. J Neurosci.
1992; 12:2765–2784. [PubMed: 1613557]

126. Klink R, de Kerchove d'Exaerde A, Zoli M, Changeux JP. Molecular and physiological diversity
of nicotinic acetylcholine receptors in the midbrain dopaminergic nuclei. J Neurosci. 2001;
21:1452–1463. [PubMed: 11222635]

127. Bailey CD, De Biasi M, Fletcher PJ, Lambe EK. The nicotinic acetylcholine receptor alpha5
subunit plays a key role in attention circuitry and accuracy. J Neurosci. 2010; 30:9241–9252.
[PubMed: 20610759]

128. Heath CJ, King SL, Gotti C, Marks MJ, Picciotto MR. Cortico-thalamic connectivity is
vulnerable to nicotine exposure during early postnatal development through alpha4/beta2/alpha5
nicotinic acetylcholine receptors. Neuropsychopharmacology : official publication of the
American College of Neuropsychopharmacology. 2010; 35:2324–2338. [PubMed: 20736992]

Tuesta et al. Page 19

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



129. Winzer-Serhan UH, Leslie FM. Expression of alpha5 nicotinic acetylcholine receptor subunit
mRNA during hippocampal and cortical development. J Comp Neurol. 2005; 481:19–30.
[PubMed: 15558717]

130. Tzschentke TM. The medial prefrontal cortex as a part of the brain reward system. Amino Acids.
2000; 19:211–219. [PubMed: 11026491]

131. Hong LE, Hodgkinson CA, Yang Y, Sampath H, Ross TJ, Buchholz B, et al. A genetically
modulated, intrinsic cingulate circuit supports human nicotine addiction. Proc Natl Acad Sci U S
A. 2010; 107:13509–13514. [PubMed: 20643934]

132. Hong LE, Gu H, Yang Y, Ross TJ, Salmeron BJ, Buchholz B, et al. Association of nicotine
addiction and nicotine’s actions with separate cingulate cortex functional circuits. Archives of
general psychiatry. 2009; 66:431–441. [PubMed: 19349313]

133. Boulter J, Evans K, Goldman D, Martin G, Treco D, Heinemann S, et al. Isolation of a cDNA
clone coding for a possible neural nicotinic acetylcholine receptor alpha-subunit. Nature. 1986;
319:368–374. [PubMed: 3753746]

134. Sudweeks SN, Yakel JL. Functional and molecular characterization of neuronal nicotinic ACh
receptors in rat CA1 hippocampal neurons. J Physiol. 2000; 527(Pt 3):515–528. [PubMed:
10990538]

135. Peng C, Han Y, Sanders T, Chew G, Liu J, Hawrot E, et al. alpha4/7-conotoxin Lp1.1 is a novel
antagonist of neuronal nicotinic acetylcholine receptors. Peptides. 2008; 29:1700–1707.
[PubMed: 18588930]

136. Seo S, Henry JT, Lewis AH, Wang N, Levandoski MM. The positive allosteric modulator
morantel binds at noncanonical subunit interfaces of neuronal nicotinic acetylcholine receptors. J
Neurosci. 2009; 29:8734–8742. [PubMed: 19587280]

137. Grishin AA, Wang CI, Muttenthaler M, Alewood PF, Lewis RJ, Adams DJ. Alpha-conotoxin
AuIB isomers exhibit distinct inhibitory mechanisms and differential sensitivity to stoichiometry
of alpha3beta4 nicotinic acetylcholine receptors. J Biol Chem. 2010; 285:22254–22263.
[PubMed: 20466726]

138. Lowe JA 3rd, DeNinno SL, Coe JW, Zhang L, Mente S, Hurst RS, et al. A novel series of [3.2.1]
azabicyclic biaryl ethers as alpha3beta4 and alpha6/4beta4 nicotinic receptor agonists. Bioorg
Med Chem Lett. 2010; 20:4749–4752. [PubMed: 20663668]

139. Lovelace ES, Gunasekera S, Alvarmo C, Clark RJ, Nevin ST, Grishin AA, et al. Stabilization of
alpha-conotoxin AuIB: influences of disulfide connectivity and backbone cyclization. Antioxid
Redox Signal. 2011; 14:87–95. [PubMed: 20486767]

140. Dwoskin LP, Sumithran SP, Zhu J, Deaciuc AG, Ayers JT, Crooks PA. Subtype-selective
nicotinic receptor antagonists: potential as tobacco use cessation agents. Bioorg Med Chem Lett.
2004; 14:1863–1867. [PubMed: 15050617]

141. Neugebauer NM, Zhang Z, Crooks PA, Dwoskin LP, Bardo MT. Effect of a novel nicotinic
receptor antagonist, N,N'-dodecane-1,12-diyl-bis-3-picolinium dibromide, on nicotine self-
administration and hyperactivity in rats. Psychopharmacology (Berl). 2006; 184:426–434.
[PubMed: 16220336]

142. Rahman S, Zhang Z, Papke RL, Crooks PA, Dwoskin LP, Bardo MT. Region-specific effects of
N,N'-dodecane-1, 12-diyl-bis-3-picolinium dibromide on nicotine-induced increase in
extracellular dopamine in vivo. Br J Pharmacol. 2008; 153:792–804. [PubMed: 18059317]

143. Rahman S, Neugebauer NM, Zhang Z, Crooks PA, Dwoskin LP, Bardo MT. The effects of a
novel nicotinic receptor antagonist N,N-dodecane-1,12-diyl-bis-3-picolinium dibromide
(bPiDDB) on acute and repeated nicotine-induced increases in extracellular dopamine in rat
nucleus accumbens. Neuropharmacology. 2007; 52:755–763. [PubMed: 17097117]

144. Smith AM, Pivavarchyk M, Wooters TE, Zhang Z, Zheng G, McIntosh JM, et al. Repeated
nicotine administration robustly increases bPiDDB inhibitory potency at alpha6beta2-containing
nicotinic receptors mediating nicotine-evoked dopamine release. Biochem Pharmacol. 2010;
80:402–409. [PubMed: 20346923]

145. Xu W, Gelber S, Orr-Urtreger A, Armstrong D, Lewis RA, Ou CN, et al. Megacystis, mydriasis,
and ion channel defect in mice lacking the alpha3 neuronal nicotinic acetylcholine receptor. Proc
Natl Acad Sci U S A. 1999; 96:5746–5751. [PubMed: 10318955]

Tuesta et al. Page 20

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



146. Caffery PM, Krishnaswamy A, Sanders T, Liu J, Hartlaub H, Klysik J, et al. Engineering
neuronal nicotinic acetylcholine receptors with functional sensitivity to alpha-bungarotoxin: a
novel alpha3-knock-in mouse. Eur J Neurosci. 2009; 30:2064–2076. [PubMed: 20128845]

147. Thorgeirsson TE, Gudbjartsson DF, Surakka I, Vink JM, Amin N, Geller F, et al. Sequence
variants at CHRNB3-CHRNA6 and CYP2A6 affect smoking behavior. Nat Genet. 2010;
42:448–453. [PubMed: 20418888]

148. Hoft NR, Corley RP, McQueen MB, Schlaepfer IR, Huizinga D, Ehringer MA. Genetic
association of the CHRNA6 and CHRNB3 genes with tobacco dependence in a nationally
representative sample. Neuropsychopharmacology : official publication of the American College
of Neuropsychopharmacology. 2009; 34:698–706. [PubMed: 18704094]

149. Zeiger JS, Haberstick BC, Schlaepfer I, Collins AC, Corley RP, Crowley TJ, et al. The neuronal
nicotinic receptor subunit genes (CHRNA6 and CHRNB3) are associated with subjective
responses to tobacco. Hum Mol Genet. 2008; 17:724–734. [PubMed: 18055561]

150. Le Novere N, Zoli M, Changeux JP. Neuronal nicotinic receptor alpha 6 subunit mRNA is
selectively concentrated in catecholaminergic nuclei of the rat brain. Eur J Neurosci. 1996;
8:2428–2439. [PubMed: 8950106]

151. Quik M, Polonskaya Y, Gillespie A, Jakowec M, Lloyd GK, Langston JW. Localization of
nicotinic receptor subunit mRNAs in monkey brain by in situ hybridization. J Comp Neurol.
2000; 425:58–69. [PubMed: 10940942]

152. Champtiaux N, Han ZY, Bessis A, Rossi FM, Zoli M, Marubio L, et al. Distribution and
pharmacology of alpha 6-containing nicotinic acetylcholine receptors analyzed with mutant mice.
J Neurosci. 2002; 22:1208–1217. [PubMed: 11850448]

153. Azam L, Winzer-Serhan UH, Chen Y, Leslie FM. Expression of neuronal nicotinic acetylcholine
receptor subunit mRNAs within midbrain dopamine neurons. J Comp Neurol. 2002; 444:260–
274. [PubMed: 11840479]

154. Yang K, Buhlman L, Khan GM, Nichols RA, Jin G, McIntosh JM, et al. Functional nicotinic
acetylcholine receptors containing alpha6 subunits are on GABAergic neuronal boutons adherent
to ventral tegmental area dopamine neurons. J Neurosci. 2011; 31:2537–2548. [PubMed:
21325521]

155. Parker SL, Fu Y, McAllen K, Luo J, McIntosh JM, Lindstrom JM, et al. Up-regulation of brain
nicotinic acetylcholine receptors in the rat during long-term self-administration of nicotine:
disproportionate increase of the alpha6 subunit. Mol Pharmacol. 2004; 65:611–622. [PubMed:
14978239]

156. Zoli M, Moretti M, Zanardi A, McIntosh JM, Clementi F, Gotti C. Identification of the nicotinic
receptor subtypes expressed on dopaminergic terminals in the rat striatum. J Neurosci. 2002;
22:8785–8789. [PubMed: 12388584]

157. Champtiaux N, Gotti C, Cordero-Erausquin M, David DJ, Przybylski C, Lena C, et al. Subunit
composition of functional nicotinic receptors in dopaminergic neurons investigated with
knockout mice. J Neurosci. 2003; 23:7820–7829. [PubMed: 12944511]

158. Salminen O, Murphy KL, McIntosh JM, Drago J, Marks MJ, Collins AC, et al. Subunit
composition and pharmacology of two classes of striatal presynaptic nicotinic acetylcholine
receptors mediating dopamine release in mice. Mol Pharmacol. 2004; 65:1526–1535. [PubMed:
15155845]

159. Grady SR, Salminen O, Laverty DC, Whiteaker P, McIntosh JM, Collins AC, et al. The subtypes
of nicotinic acetylcholine receptors on dopaminergic terminals of mouse striatum. Biochem
Pharmacol. 2007; 74:1235–1246. [PubMed: 17825262]

160. Whiteaker P, Peterson CG, Xu W, McIntosh JM, Paylor R, Beaudet AL, et al. Involvement of the
alpha3 subunit in central nicotinic binding populations. J Neurosci. 2002; 22:2522–2529.
[PubMed: 11923417]

161. Exley R, Clements MA, Hartung H, McIntosh JM, Cragg SJ. Alpha6-containing nicotinic
acetylcholine receptors dominate the nicotine control of dopamine neurotransmission in nucleus
accumbens. Neuropsychopharmacology. 2008; 33:2158–2166. [PubMed: 18033235]

162. Brunzell DH, Boschen KE, Hendrick ES, Beardsley PM, McIntosh JM. alpha-Conotoxin MII-
sensitive nicotinic acetylcholine receptors in the nucleus accumbens shell regulate progressive

Tuesta et al. Page 21

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ratio responding maintained by nicotine. Neuropsychopharmacology. 2010; 35:665–673.
[PubMed: 19890263]

163. Gotti C, Guiducci S, Tedesco V, Corbioli S, Zanetti L, Moretti M, et al. Nicotinic acetylcholine
receptors in the mesolimbic pathway: primary role of ventral tegmental area alpha6beta2*
receptors in mediating systemic nicotine effects on dopamine release, locomotion, and
reinforcement. J Neurosci. 2010; 30:5311–5325. [PubMed: 20392953]

164. Wooters TE, Smith AM, Pivavarchyk M, Siripurapu KB, McIntosh JM, Zhang Z, et al. bPiDI: a
novel selective alpha6beta2* nicotinic receptor antagonist and preclinical candidate treatment for
nicotine abuse. Br J Pharmacol. 2011

165. le Novere N, Zoli M, Lena C, Ferrari R, Picciotto MR, Merlo-Pich E, et al. Involvement of alpha6
nicotinic receptor subunit in nicotine-elicited locomotion, demonstrated by in vivo antisense
oligonucleotide infusion. Neuroreport. 1999; 10:2497–2501. [PubMed: 10574359]

166. Seguela P, Wadiche J, Dineley-Miller K, Dani JA, Patrick JW. Molecular cloning, functional
properties, and distribution of rat brain alpha 7: a nicotinic cation channel highly permeable to
calcium. J Neurosci. 1993; 13:596–604. [PubMed: 7678857]

167. Couturier S, Bertrand D, Matter JM, Hernandez MC, Bertrand S, Millar N, et al. A neuronal
nicotinic acetylcholine receptor subunit (alpha 7) is developmentally regulated and forms a
homo-oligomeric channel blocked by alpha-BTX. Neuron. 1990; 5:847–856. [PubMed: 1702646]

168. Jones IW, Wonnacott S. Precise localization of alpha7 nicotinic acetylcholine receptors on
glutamatergic axon terminals in the rat ventral tegmental area. J Neurosci. 2004; 24:11244–
11252. [PubMed: 15601930]

169. Gao M, Jin Y, Yang K, Zhang D, Lukas RJ, Wu J. Mechanisms involved in systemic nicotine-
induced glutamatergic synaptic plasticity on dopamine neurons in the ventral tegmental area. J
Neurosci. 2010; 30:13814–13825. [PubMed: 20943922]

170. Jin Y, Yang K, Wang H, Wu J. Exposure of nicotine to ventral tegmental area slices induces
glutamatergic synaptic plasticity on dopamine neurons. Synapse. 2011; 65:332–338. [PubMed:
20730803]

171. Laviolette SR, van der Kooy D. The motivational valence of nicotine in the rat ventral tegmental
area is switched from rewarding to aversive following blockade of the alpha7-subunit-containing
nicotinic acetylcholine receptor. Psychopharmacology (Berl). 2003; 166:306–313. [PubMed:
12569428]

172. Panagis G, Kastellakis A, Spyraki C, Nomikos G. Effects of methyllycaconitine (MLA), an alpha
7 nicotinic receptor antagonist, on nicotine- and cocaine-induced potentiation of brain stimulation
reward. Psychopharmacology (Berl). 2000; 149:388–396. [PubMed: 10867966]

173. Markou A, Paterson NE. The nicotinic antagonist methyllycaconitine has differential effects on
nicotine self-administration and nicotine withdrawal in the rat. Nicotine Tob Res. 2001; 3:361–
373. [PubMed: 11694204]

174. Grottick AJ, Trube G, Corrigall WA, Huwyler J, Malherbe P, Wyler R, et al. Evidence that
nicotinic alpha(7) receptors are not involved in the hyperlocomotor and rewarding effects of
nicotine. J Pharmacol Exp Ther. 2000; 294:1112–1119. [PubMed: 10945867]

175. Lockman PR, Van der Schyf CJ, Abbruscato TJ, Allen DD. Chronic nicotine exposure alters
blood-brain barrier permeability and diminishes brain uptake of methyllycaconitine. J
Neurochem. 2005; 94:37–44. [PubMed: 15953347]

176. Mogg AJ, Whiteaker P, McIntosh JM, Marks M, Collins AC, Wonnacott S. Methyllycaconitine is
a potent antagonist of alpha-conotoxin-MII-sensitive presynaptic nicotinic acetylcholine
receptors in rat striatum. J Pharmacol Exp Ther. 2002; 302:197–204. [PubMed: 12065717]

177. Smith GW, Farrell M, Bunting BP, Houston JE, Shevlin M. Patterns of polydrug use in Great
Britain: findings from a national household population survey. Drug Alcohol Depend. 2011;
113:222–228. [PubMed: 20863629]

178. Gorelick DA, Simmons MS, Carriero N, Tashkin DP. Characteristics of smoked drug use among
cocaine smokers. Am J Addict. 1997; 6:237–245. [PubMed: 9256990]

179. Schoffelmeer AN, De Vries TJ, Wardeh G, van de Ven HW, Vanderschuren LJ. Psychostimulant-
induced behavioral sensitization depends on nicotinic receptor activation. J Neurosci. 2002;
22:3269–3276. [PubMed: 11943828]

Tuesta et al. Page 22

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



180. Hiranita T, Anggadiredja K, Fujisaki C, Watanabe S, Yamamoto T. Nicotine attenuates relapse to
methamphetamine-seeking behavior (craving) in rats. Ann N Y Acad Sci. 2004; 1025:504–507.
[PubMed: 15542755]

181. Zanetti L, Picciotto MR, Zoli M. Differential effects of nicotinic antagonists perfused into the
nucleus accumbens or the ventral tegmental area on cocaine-induced dopamine release in the
nucleus accumbens of mice. Psychopharmacology (Berl). 2007; 190:189–199. [PubMed:
17061109]

182. Smith JE, Vaughn TC, Co C. Acetylcholine turnover rates in rat brain regions during cocaine self-
administration. J Neurochem. 2004; 88:502–512. [PubMed: 14690538]

183. Williams MJ, Adinoff B. The role of acetylcholine in cocaine addiction.
Neuropsychopharmacology. 2008; 33:1779–1797. [PubMed: 17928814]

184. Damaj MI, Slemmer JE, Carroll FI, Martin BR. Pharmacological characterization of nicotine's
interaction with cocaine and cocaine analogs. J Pharmacol Exp Ther. 1999; 289:1229–1236.
[PubMed: 10336510]

185. Budney AJ, Higgins ST, Hughes JR, Bickel WK. Nicotine and caffeine use in cocaine-dependent
individuals. J Subst Abuse. 1993; 5:117–130. [PubMed: 8400835]

186. Siegal D, Erickson J, Varoqui H, Ang L, Kalasinsky KS, Peretti FJ, et al. Brain vesicular
acetylcholine transporter in human users of drugs of abuse. Synapse. 2004; 52:223–232.
[PubMed: 15103689]

187. Reid MS, Mickalian JD, Delucchi KL, Berger SP. A nicotine antagonist, mecamylamine, reduces
cue-induced cocaine craving in cocaine-dependent subjects. Neuropsychopharmacology. 1999;
20:297–307. [PubMed: 10063490]

188. Karler R, Calder LD, Bedingfield JB. A novel nicotinic-cholinergic role in behavioral
sensitization to amphetamine-induced stereotypy in mice. Brain Res. 1996; 725:192–198.
[PubMed: 8836525]

189. Desai RI, Bergman J. Drug discrimination in methamphetamine-trained rats: effects of
cholinergic nicotinic compounds. J Pharmacol Exp Ther. 2010; 335:807–816. [PubMed:
20847037]

190. Birrell CE, Balfour DJ. The influence of nicotine pretreatment on mesoaccumbens dopamine
overflow and locomotor responses to D-amphetamine. Psychopharmacology (Berl). 1998;
140:142–149. [PubMed: 9860104]

191. Celik E, Uzbay IT, Karakas S. Caffeine and amphetamine produce cross-sensitization to nicotine-
induced locomotor activity in mice. Prog Neuropsychopharmacol Biol Psychiatry. 2006; 30:50–
55. [PubMed: 16084635]

192. Collins SL, Montano R, Izenwasser S. Nicotine treatment produces persistent increases in
amphetamine-stimulated locomotor activity in periadolescent male but not female or adult male
rats. Brain Res Dev Brain Res. 2004; 153:175–187.

193. Suemaru K, Gomita Y, Furuno K, Araki Y. Chronic nicotine treatment potentiates behavioral
responses to dopaminergic drugs in rats. Pharmacol Biochem Behav. 1993; 46:135–139.
[PubMed: 7902980]

194. Jutkiewicz EM, Nicolazzo DM, Kim MN, Gnegy ME. Nicotine and amphetamine acutely cross-
potentiate their behavioral and neurochemical responses in female Holtzman rats.
Psychopharmacology (Berl). 2008; 200:93–103. [PubMed: 18566803]

195. Kim MN, Jutkiewicz EM, Zhang M, Gnegy ME. The sensitizing effect of acute nicotine on
amphetamine-stimulated behavior and dopamine efflux requires activation of beta2 subunit-
containing nicotinic acetylcholine receptors and glutamate N-methyl-d-aspartate receptors.
Neuropharmacology. 2010

196. Horger BA, Giles MK, Schenk S. Preexposure to amphetamine and nicotine predisposes rats to
self-administer a low dose of cocaine. Psychopharmacology (Berl). 1992; 107:271–276.
[PubMed: 1615126]

197. Blokhina EA, Kashkin VA, Zvartau EE, Danysz W, Bespalov AY. Effects of nicotinic and
NMDA receptor channel blockers on intravenous cocaine and nicotine self-administration in
mice. Eur Neuropsychopharmacol. 2005; 15:219–225. [PubMed: 15695068]

Tuesta et al. Page 23

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



198. Levin ED, Mead T, Rezvani AH, Rose JE, Gallivan C, Gross R. The nicotinic antagonist
mecamylamine preferentially inhibits cocaine vs. food self-administration in rats. Physiol Behav.
2000; 71:565–570. [PubMed: 11239676]

199. Hansen ST, Mark GP. The nicotinic acetylcholine receptor antagonist mecamylamine prevents
escalation of cocaine self-administration in rats with extended daily access. Psychopharmacology
(Berl). 2007; 194:53–61. [PubMed: 17530475]

200. Zachariou V, Caldarone BJ, Weathers-Lowin A, George TP, Elsworth JD, Roth RH, et al.
Nicotine receptor inactivation decreases sensitivity to cocaine. Neuropsychopharmacology. 2001;
24:576–589. [PubMed: 11282258]

201. Glick SD, Maisonneuve IM, Dickinson HA. 18-MC reduces methamphetamine and nicotine self-
administration in rats. Neuroreport. 2000; 11:2013–2015. [PubMed: 10884062]

202. Glick SD, Maisonneuve IM, Kitchen BA, Fleck MW. Antagonism of alpha 3 beta 4 nicotinic
receptors as a strategy to reduce opioid and stimulant self-administration. Eur J Pharmacol. 2002;
438:99–105. [PubMed: 11906717]

203. Pace CJ, Glick SD, Maisonneuve IM, He LW, Jokiel PA, Kuehne ME, et al. Novel iboga alkaloid
congeners block nicotinic receptors and reduce drug self-administration. Eur J Pharmacol. 2004;
492:159–167. [PubMed: 15178360]

204. Glick SD, Kuehne ME, Maisonneuve IM, Bandarage UK, Molinari HH. 18-
Methoxycoronaridine, a non-toxic iboga alkaloid congener: effects on morphine and cocaine self-
administration and on mesolimbic dopamine release in rats. Brain Res. 1996; 719:29–35.
[PubMed: 8782860]

205. Hiranita T, Nawata Y, Sakimura K, Anggadiredja K, Yamamoto T. Suppression of
methamphetamine-seeking behavior by nicotinic agonists. Proc Natl Acad Sci U S A. 2006;
103:8523–8527. [PubMed: 16717181]

206. Witten IB, Lin SC, Brodsky M, Prakash R, Diester I, Anikeeva P, et al. Cholinergic interneurons
control local circuit activity and cocaine conditioning. Science. 2010; 330:1677–1681. [PubMed:
21164015]

207. Zachariou V, Caldarone BJ, Weathers-Lowin A, George TP, Elsworth JD, Roth RH, et al.
Nicotine receptor inactivation decreases sensitivity to cocaine. Neuropsychopharmacology :
official publication of the American College of Neuropsychopharmacology. 2001; 24:576–589.
[PubMed: 11282258]

208. Walton RG. Smoking and alcoholism: a brief report. Am J Psychiatry. 1972; 128:1455–1456.
[PubMed: 5020199]

209. Ayers J, Ruff CF, Templer DI. Alcoholism, cigarette smoking, coffee drinking and extraversion. J
Stud Alcohol. 1976; 37:983–985. [PubMed: 972550]

210. Bien TH, Burge R. Smoking and drinking: a review of the literature. Int J Addict. 1990; 25:1429–
1454. [PubMed: 2094682]

211. Batel P, Pessione F, Maitre C, Rueff B. Relationship between alcohol and tobacco dependencies
among alcoholics who smoke. Addiction. 1995; 90:977–980. [PubMed: 7663320]

212. Miller NS, Gold MS. Comorbid cigarette and alcohol addiction: epidemiology and treatment. J
Addict Dis. 1998; 17:55–66. [PubMed: 9549603]

213. Carmody TP, Brischetto CS, Matarazzo JD, O’Donnell RP, Connor WE. Co-occurrent use of
cigarettes, alcohol, and coffee in healthy, community-living men and women. Health Psychol.
1985; 4:323–335. [PubMed: 4054078]

214. DiFranza JR, Guerrera MP. Alcoholism and smoking. J Stud Alcohol. 1990; 51:130–135.
[PubMed: 2308350]

215. Le AD, Wang A, Harding S, Juzytsch W, Shaham Y. Nicotine increases alcohol self-
administration and reinstates alcohol seeking in rats. Psychopharmacology (Berl). 2003;
168:216–221. [PubMed: 12536264]

216. Siedlecki P, Zielenkiewicz P. Mammalian DNA methyltransferases. Acta Biochim Pol. 2006;
53:245–256. [PubMed: 16582985]

217. Joslyn G, Brush G, Robertson M, Smith TL, Kalmijn J, Schuckit M, et al. Chromosome 15q25.1
genetic markers associated with level of response to alcohol in humans. Proc Natl Acad Sci U S
A. 2008; 105:20368–20373. [PubMed: 19064933]

Tuesta et al. Page 24

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



218. Wang JC, Grucza R, Cruchaga C, Hinrichs AL, Bertelsen S, Budde JP, et al. Genetic variation in
the CHRNA5 gene affects mRNA levels and is associated with risk for alcohol dependence. Mol
Psychiatry. 2009; 14:501–510. [PubMed: 18414406]

219. Schlaepfer IR, Hoft NR, Collins AC, Corley RP, Hewitt JK, Hopfer CJ, et al. The CHRNA5/A3/
B4 gene cluster variability as an important determinant of early alcohol and tobacco initiation in
young adults. Biological psychiatry. 2008; 63:1039–1046. [PubMed: 18163978]

220. Schlaepfer IR, Hoft NR, Collins AC, Corley RP, Hewitt JK, Hopfer CJ, et al. The CHRNA5/A3/
B4 gene cluster variability as an important determinant of early alcohol and tobacco initiation in
young adults. Biol Psychiatry. 2008; 63:1039–1046. [PubMed: 18163978]

221. Wang JC, Grucza R, Cruchaga C, Hinrichs AL, Bertelsen S, Budde JP, et al. Genetic variation in
the CHRNA5 gene affects mRNA levels and is associated with risk for alcohol dependence. Mol
Psychiatry. 2009; 14:501–510. [PubMed: 18414406]

222. Hoft NR, Corley RP, McQueen MB, Huizinga D, Menard S, Ehringer MA. SNPs in CHRNA6
and CHRNB3 are associated with alcohol consumption in a nationally representative sample.
Genes Brain Behav. 2009; 8:631–637. [PubMed: 19500157]

223. Symons MN, Weng J, Diehl E, Heo E, Kleiber ML, Singh SM. Delineation of the role of
nicotinic acetylcholine receptor genes in alcohol preference in mice. Behav Genet. 2010; 40:660–
671. [PubMed: 20496163]

224. Young EM, Mahler S, Chi H, de Wit H. Mecamylamine and ethanol preference in healthy
volunteers. Alcohol Clin Exp Res. 2005; 29:58–65. [PubMed: 15654292]

225. Chi H, de Wit H. Mecamylamine attenuates the subjective stimulant-like effects of alcohol in
social drinkers. Alcohol Clin Exp Res. 2003; 27:780–786. [PubMed: 12766622]

226. Spanagel R, Weiss F. The dopamine hypothesis of reward: past and current status. Trends
Neurosci. 1999; 22:521–527. [PubMed: 10529820]

227. Ericson M, Blomqvist O, Engel JA, Soderpalm B. Voluntary ethanol intake in the rat and the
associated accumbal dopamine overflow are blocked by ventral tegmental mecamylamine. Eur J
Pharmacol. 1998; 358:189–196. [PubMed: 9822883]

228. Blomqvist O, Engel JA, Nissbrandt H, Soderpalm B. The mesolimbic dopamine-activating
properties of ethanol are antagonized by mecamylamine. Eur J Pharmacol. 1993; 249:207–213.
[PubMed: 8287902]

229. Ericson M, Molander A, Lof E, Engel JA, Soderpalm B. Ethanol elevates accumbal dopamine
levels via indirect activation of ventral tegmental nicotinic acetylcholine receptors. Eur J
Pharmacol. 2003; 467:85–93. [PubMed: 12706460]

230. Ericson M, Lof E, Stomberg R, Chau P, Soderpalm B. Nicotinic acetylcholine receptors in the
anterior, but not posterior, ventral tegmental area mediate ethanol-induced elevation of accumbal
dopamine levels. J Pharmacol Exp Ther. 2008; 326:76–82. [PubMed: 18369179]

231. Le AD, Corrigall WA, Harding JW, Juzytsch W, Li TK. Involvement of nicotinic receptors in
alcohol self-administration. Alcohol Clin Exp Res. 2000; 24:155–163. [PubMed: 10698366]

232. Rezvani AH, Overstreet DH, Yang Y, Maisonneuve IM, Bandarage UK, Kuehne ME, et al.
Attenuation of alcohol consumption by a novel nontoxic ibogaine analogue (18-
methoxycoronaridine) in alcohol-preferring rats. Pharmacol Biochem Behav. 1997; 58:615–619.
[PubMed: 9300627]

233. Cosgrove KP, Kloczynski T, Bois F, Pittman B, Tamagnan G, Seibyl JP, et al. Decreased
Beta(2)*-nicotinic acetylcholine receptor availability after chronic ethanol exposure in nonhuman
primates. Synapse. 2010; 64:729–732. [PubMed: 20340174]

234. Blomqvist O, Soderpalm B, Engel JA. Ethanol-induced locomotor activity: involvement of
central nicotinic acetylcholine receptors? Brain Res Bull. 1992; 29:173–178. [PubMed: 1525672]

235. Taslim N, Al-Rejaie S, Saeed Dar M. Attenuation of ethanol-induced ataxia by alpha(4)beta(2)
nicotinic acetylcholine receptor subtype in mouse cerebellum: a functional interaction.
Neuroscience. 2008; 157:204–213. [PubMed: 18812210]

236. Kamens HM, Andersen J, Picciotto MR. Modulation of ethanol consumption by genetic and
pharmacological manipulation of nicotinic acetylcholine receptors in mice. Psychopharmacology
(Berl). 2010; 208:613–626. [PubMed: 20072781]

Tuesta et al. Page 25

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



237. Steensland P, Simms JA, Holgate J, Richards JK, Bartlett SE. Varenicline, an alpha4beta2
nicotinic acetylcholine receptor partial agonist, selectively decreases ethanol consumption and
seeking. Proc Natl Acad Sci U S A. 2007; 104:12518–12523. [PubMed: 17626178]

238. Chatterjee S, Steensland P, Simms JA, Holgate J, Coe JW, Hurst RS, et al. Partial agonists of the
alpha3beta4* neuronal nicotinic acetylcholine receptor reduce ethanol consumption and seeking
in rats. Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology. 2011; 36:603–615. [PubMed: 21048701]

239. Hendrickson LM, Zhao-Shea R, Pang X, Gardner PD, Tapper AR. Activation of alpha4* nAChRs
is necessary and sufficient for varenicline-induced reduction of alcohol consumption. J Neurosci.
2010; 30:10169–10176. [PubMed: 20668200]

240. Solinas M, Scherma M, Fattore L, Stroik J, Wertheim C, Tanda G, et al. Nicotinic alpha 7
receptors as a new target for treatment of cannabis abuse. J Neurosci. 2007; 27:5615–5620.
[PubMed: 17522306]

241. Fernandez JR, Allison DB. Rimonabant Sanofi-Synthelabo. Curr. Opin Investig Drugs. 2004;
5:430–435.

242. Fagerstrom K, Balfour DJ. Neuropharmacology and potential efficacy of new treatments for
tobacco dependence. Expert Opin Investig Drugs. 2006; 15:107–116.

243. Reid RD, Quinlan B, Riley DL, Pipe AL. Smoking cessation: lessons learned from clinical trial
evidence. Curr Opin Cardiol. 2007; 22:280–285. [PubMed: 17556878]

244. Cahill K, Ussher M. Cannabinoid type 1 receptor antagonists (rimonabant) for smoking cessation.
Cochrane Database Syst Rev. 2007:CD005353.

245. Le Foll B, Goldberg SR. Rimonabant, a CB1 antagonist, blocks nicotine-conditioned place
preferences. Neuroreport. 2004; 15:2139–2143. [PubMed: 15486497]

246. Castane A, Valjent E, Ledent C, Parmentier M, Maldonado R, Valverde O. Lack of CB1
cannabinoid receptors modifies nicotine behavioural responses, but not nicotine abstinence.
Neuropharmacology. 2002; 43:857–867. [PubMed: 12384171]

247. Cohen C, Perrault G, Voltz C, Steinberg R, Soubrie P. SR141716, a central cannabinoid (CB(1))
receptor antagonist, blocks the motivational and dopamine-releasing effects of nicotine in rats.
Behav Pharmacol. 2002; 13:451–463. [PubMed: 12394421]

248. Erlich PM, Hoffman SN, Rukstalis M, Han JJ, Chu X, Linda Kao WH, et al. Nicotinic
acetylcholine receptor genes on chromosome 15q25.1 are associated with nicotine and opioid
dependence severity. Hum Genet. 2010; 128:491–499. [PubMed: 20725741]

249. Berrendero F, Kieffer BL, Maldonado R. Attenuation of nicotine-induced antinociception,
rewarding effects, and dependence in mu-opioid receptor knock-out mice. J Neurosci. 2002;
22:10935–10940. [PubMed: 12486188]

250. Trigo JM, Zimmer A, Maldonado R. Nicotine anxiogenic and rewarding effects are decreased in
mice lacking beta-endorphin. Neuropharmacology. 2009; 56:1147–1153. [PubMed: 19376143]

251. DeNoble VJ, Mele PC. Intravenous nicotine self-administration in rats: effects of mecamylamine,
hexamethonium and naloxone. Psychopharmacology (Berl). 2006; 184:266–272. [PubMed:
16088413]

252. Liu X, Palmatier MI, Caggiula AR, Sved AF, Donny EC, Gharib M, et al. Naltrexone attenuation
of conditioned but not primary reinforcement of nicotine in rats. Psychopharmacology (Berl).
2009; 202:589–598. [PubMed: 18807246]

253. Zhou W, Liu H, Zhang F, Tang S, Zhu H, Lai M, et al. Role of acetylcholine transmission in
nucleus accumbens and ventral tegmental area in heroin-seeking induced by conditioned cues.
Neuroscience. 2007; 144:1209–1218. [PubMed: 17184925]

254. Hikida T, Kitabatake Y, Pastan I, Nakanishi S. Acetylcholine enhancement in the nucleus
accumbens prevents addictive behaviors of cocaine and morphine. Proc Natl Acad Sci U S A.
2003; 100:6169–6173. [PubMed: 12721372]

255. Maisonneuve IM, Glick SD. Attenuation of the reinforcing efficacy of morphine by 18-
methoxycoronaridine. Eur J Pharmacol. 1999; 383:15–21. [PubMed: 10556676]

256. Glick SD, Ramirez RL, Livi JM, Maisonneuve IM. 18-Methoxycoronaridine acts in the medial
habenula and/or interpeduncular nucleus to decrease morphine self-administration in rats. Eur J
Pharmacol. 2006; 537:94–98. [PubMed: 16626688]

Tuesta et al. Page 26

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



257. Mao J, Price DD, Caruso FS, Mayer DJ. Oral administration of dextromethorphan prevents the
development of morphine tolerance and dependence in rats. Pain. 1996; 67:361–368. [PubMed:
8951930]

258. Hernandez SC, Bertolino M, Xiao Y, Pringle KE, Caruso FS, Kellar KJ. Dextromethorphan and
its metabolite dextrorphan block alpha3beta4 neuronal nicotinic receptors. J Pharmacol Exp
Ther. 2000; 293:962–967. [PubMed: 10869398]

259. Feng B, Xing JH, Jia D, Liu SB, Guo HJ, Li XQ, et al. Blocking alpha(4)beta(2) and alpha(7)
nicotinic acetylcholine receptors inhibits the reinstatement of morphine-induced CPP by drug
priming in mice. Behav Brain Res. 2011; 220:100–105. [PubMed: 21277332]

260. Wada E, Wada K, Boulter J, Deneris E, Heinemann S, Patrick J, et al. Distribution of alpha 2,
alpha 3, alpha 4, and beta 2 neuronal nicotinic receptor subunit mRNAs in the central nervous
system: a hybridization histochemical study in the rat. J Comp Neurol. 1989; 284:314–335.
[PubMed: 2754038]

261. Wada E, McKinnon D, Heinemann S, Patrick J, Swanson LW. The distribution of mRNA
encoded by a new member of the neuronal nicotinic acetylcholine receptor gene family (alpha 5)
in the rat central nervous system. Brain research. 1990; 526:45–53. [PubMed: 2078817]

262. Le Novere N, Zoli M, Changeux JP. Neuronal nicotinic receptor alpha 6 subunit mRNA is
selectively concentrated in catecholaminergic nuclei of the rat brain. The European journal of
neuroscience. 1996; 8:2428–2439. [PubMed: 8950106]

263. Champtiaux N, Han ZY, Bessis A, Rossi FM, Zoli M, Marubio L, et al. Distribution and
pharmacology of alpha 6-containing nicotinic acetylcholine receptors analyzed with mutant mice.
J Neurosci. 2002; 22:1208–1217. [PubMed: 11850448]

264. Seguela P, Wadiche J, Dineley-Miller K, Dani JA, Patrick JW. Molecular cloning, functional
properties, and distribution of rat brain alpha 7: a nicotinic cation channel highly permeable to
calcium. J Neurosci. 1993; 13:596–604. [PubMed: 7678857]

265. Tang J, Dani JA. Dopamine enables in vivo synaptic plasticity associated with the addictive drug
nicotine. Neuron. 2009; 63:673–682. [PubMed: 19755109]

266. Son JH, Winzer-Serhan UH. Postnatal expression of alpha2 nicotinic acetylcholine receptor
subunit mRNA in developing cortex and hippocampus. J Chem Neuroanat. 2006; 32:179–190.
[PubMed: 17046198]

267. Kenny PJ, Chartoff E, Roberto M, Carlezon WA Jr, Markou A. NMDA receptors regulate
nicotine-enhanced brain reward function and intravenous nicotine self-administration: role of the
ventral tegmental area and central nucleus of the amygdala. Neuropsychopharmacology : official
publication of the American College of Neuropsychopharmacology. 2009; 34:266–281.
[PubMed: 18418357]

Tuesta et al. Page 27

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 1. Expression of nAChR subunits in brain regions relevant to nicotine reinforcement
Graphical representation of nAChR subtypes expressed in brain regions implicated in the
rewarding and reinforcing properties of nicotine and other drugs of abuse. The red arrows
indicate neuronal projections. There is dense expression of nAChR subtypes in the ventral
tegmental area (VTA) and substantia nigra pars compacta (SNpc) [64, 126, 260–263], which
are two major sites of ascending dopamine projections. Sites of dopaminergic input,
including the nucleus accumbens (NAc), dorsal striatum, prefrontal cortex (PFC) and
hippocampus [129, 260, 264–266] are also enriched in nAChR subtypes. Other brain sites
that have dense nAChR expression and that have been implicated in regulating nicotine self-
administration behavior include the medial habenula and interpeduncular nucleus (IPN), and
amygdala [260, 264, 267].
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