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Preface

When one of us (DJKB) first started studying the psychopharmacology of nicotine
some 40 years ago the numbers of researchers interested in the topic was small and
could probably be accommodated around a large dinner table. Our understanding
of the potential hazards of smoking was at a fairly early stage as was our under-
standing of the neural mechanisms that mediated the behavioral responses to
nicotine. At that time smoking was considered to be a habit, not an addiction, and
was still widely accepted. Readers who are not old enough to remember those times
may be familiar with the television series, Mad Men. That series gives you an
impression of how acceptable smoking was. Even into the 1980s, the fact that
neurones within the brain expressed nicotinic receptors was still debated among
some researchers. We have come a long way since that time, and now it is not
unusual to have 1,000 delegates or more at conferences on nicotine and tobacco,
and sessions dedicated to nicotine are not uncommon at many neuroscience con-
ferences. Moreover, public health policy is now driven by a sound evidence base
relating both to the toxicity of primary and second-hand (also known as environ-
mental) tobacco smoke and the plethora of neuroscience studies that have estab-
lished nicotine as one of the most widely studied recreational drugs. The primary
purpose of the chapters in this book and its companion volume is to explore the
extent to which the wide range of approaches adopted to investigate the behavioral
responses to nicotine and the molecular and neural mechanisms that mediate these
effects have opened our eyes to the properties of this unique and fascinating drug.

It goes without saying that one of the principal factors that drives the study of
nicotine psychopharmacology is its established role in the addiction to tobacco. It is
appropriate, therefore, that this second volume is dedicated specifically on this
issue. The chapters in this volume not only describe the ways in which research at a
basic level, largely using animal models, have revealed the complex mechanisms
that seem to underpin the role of nicotine in tobacco smoking, but also the ways in
which the results of these studies translate to our understanding of the dependence
on tobacco experienced by most habitual smokers. A number of the chapters show
how modern imaging technologies have allowed us to relate directly findings in
animal models to the effects of nicotine and tobacco smoke in the human brain.
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We have sought to take a logical approach to the issue by first addressing the
neurobiological and psychological mechanisms that contribute to the rewarding,
perhaps better called the reinforcing, properties of nicotine. We then turn to the
mechanisms that underpin the effects of nicotine withdrawal and relapse, chapters
that will have a particular resonance with smokers. The final chapter returns to the
issue of the role of underlying psychiatric illnesses in tobacco dependence. It
focuses on the ways in which animal studies have contributed to our understanding
of the reasons that this group seems to be especially vulnerable to tobacco
dependence and resistant to treatment.

We hope that the volumes The Neurobiology and Genetics of Nicotine and
Tobacco and The Neuropharmacology of Nicotine Dependence will provide readers
with a contemporary overview of the current research on nicotine psychopharma-
cology and its role in tobacco dependence from leaders in this field of research and
that they will prove valuable to those who are developing their own research
programs in this important topic.

Dundee, Scotland David J.K. Balfour
Bristol Marcus R. Munafò
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Imaging Tobacco Smoking with PET
and SPECT

Kelly P. Cosgrove, Irina Esterlis, Christine Sandiego, Ryan Petrulli
and Evan D. Morris

Abstract Receptor imaging, including positron emission computed tomography
(PET) and single photon emission computed tomography (SPECT), provides a way
to measure chemicals of interest, such as receptors, and neurotransmitter fluctua-
tions, in the living human brain. Imaging the neurochemical mechanisms involved
in the maintenance and recovery from tobacco smoking has provided insights into
critical smoking related brain adaptations. Nicotine, the primary addictive chemical
in tobacco smoke, enters the brain, activates beta2-nicotinic acetylcholine receptors
(β2*-nAChRs) and, like most drugs of abuse, elicits dopamine (DA) release in the
ventral striatum. Both β2*-nAChRs and DA signaling are critical neurosubstrates
underlying tobacco smoking behaviors and dependence and have been studied
extensively with PET and SPECT brain imaging. We review the imaging literature
on these topics and describe how brain imaging has helped inform the treatment of
tobacco smoking.
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1 Introduction

Positron emission computed tomography (PET) and single photon emission com-
puted tomography (SPECT) are unique among imaging techniques in the ability to
measure specific molecules in the brain. They have revolutionized our ability to
measure chemicals in the brains of living people. Brain chemicals, including
receptors present in low concentrations (nM–pM range), are measured using “trace”
doses of highly specific radioactive drugs (called radiotracers) and imaged with a
PET or SPECT camera. There are differences in the physics and chemistry used in
PET versus SPECT, but the outcome—a measure of receptor availability—is the
same (Fig. 1). The primary addictive chemical in tobacco smoke, nicotine, activates
β2*-containing nicotinic acetylcholine receptors (β2*-nAChRs). Although there are
other combinations of subunits that assemble to form nAChRs (see chapter entitled
Structure of Neuronal Nictinic Receptors; volume 23), the β2*-nAChRs are pivotal
(e.g., they are critical for the reinforcing effects of nicotine), and so this site has
been a primary point of interest for radiotracer imaging in the smoking field. In
addition, when nicotine activates β2*-nAChRs located on mesolimbic dopamine
(DA) neurons in the ventral tegmental area, this results in neuronal firing and
dopamine release in the nucleus accumbens (Imperato et al. 1986). There are
several SPECT and PET radiotracers that label β2*-nAChRs and are used to
measure occupancy and changes in receptor availability, and several radiotracers
that label dopamine D2/3 receptors and allow for measurement of fluctuations in
synaptic dopamine. Both β2*-nAChRs and DA signaling are critical neurosubstrates
underlying tobacco smoking behaviors and dependence. In this chapter, we will
review the imaging literature that has provided insights into the molecular mech-
anisms of tobacco smoking with a focus on studies examining β2*-nAChR avail-
ability and DA neurotransmission.
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2 Imaging β2*-Nicotinic Acetylcholine Receptors

2.1 Preclinical Studies

The nAChRs that contain the β2*-subunit are critical for mediating the effects of
nicotine in the brain including the reinforcing effects (Picciotto et al. 1998),
dopamine release (Epping-Jordan et al. 1999; Koranda et al. 2013), sensitivity to
nicotine (Cosgrove et al. 2010; Marubio et al. 1999; Tritto et al. 2004), and the
incentive aspects of motivation (Brunzell et al. 2010) (see chapter entitled The Role
of Mesoaccumbens Dopamine in Nicotine Dependence; this volume). In addition,
there is a wealth of literature showing that nicotine and tobacco smoking robustly
upregulate (i.e., increase numbers of) β2*-nAChRs throughout the brain (Abreu-
Villaca et al. 2003; Benwell et al. 1988; Breese et al. 1997; Kassiou et al. 2001;
Marks et al. 1992). Preclinical studies administering nicotine at various doses and
routes of administration to rats, mice, and monkeys—as well as postmortem human
studies—have all indicated that nicotine and tobacco smoke result in significantly
more β2*-nAChRs throughout the brain compared to saline (animals) or to not
smoking (humans). We now know that nicotine itself is responsible for this
upregulation. Nicotine acts in the cell to help the receptor subunits assemble and

Fig. 1 Description of the use of PET brain imaging to determine the outcome measure of receptor
availability
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then acts to chaperone the receptors to the cell membrane (Srinivasan et al. 2010).
Our goal was to measure this upregulation in living human tobacco smokers.
However, first we needed to work out the proper experimental timing.

Nicotine and the radiotracers used in these studies both bind to the same receptor
in the brain—the nAChR containing the β2*-subunit. When nicotine is present in
the brain, it may block the receptor and prevent the radiotracer from binding, which
would confound our ability to measure β2*-nAChR availability. Our preclinical
experiment consisted of two monkeys drinking nicotine (diluted in water and
sweetened with Tang to make it more appetizing) for 6 weeks. After 6 weeks, the
monkeys were taken off nicotine. One monkey was scanned at 1 day into nicotine
withdrawal, and the other was scanned at 2 days into nicotine withdrawal. Sur-
prisingly, the data showed a decrease in radiotracer binding which was not con-
sistent with the literature. To probe further, the monkeys consumed nicotine for two
additional weeks and then were scanned at 7 days of withdrawal. At that point,
there was a robust increase in radiotracer binding suggestive of an upregulation of
β2*-nAChRs that was consistent with the preclinical literature. Taken together,
these data suggested that nicotine remains in the brain during early withdrawal and
may take up to 7 days to clear. Levels of cotinine (the major metabolite of nicotine)
in the monkeys were measured over the 7 days of withdrawal. Cotinine progres-
sively declined over the week, not completely clearing or reaching nonsmoker
levels until 7 days of abstinence. The cotinine data nicely mirrored the brain data.
Once cotinine had cleared, it was possible to measure nicotine-induced upregulation
of β2*-nAChRs in the brain. In the human studies discussed below, low cotinine
levels are typically used as an indicator of abstinence and that nicotine has cleared
so that smokers can be imaged with β2*-nAChR radiotracers.

2.2 Imaging the Upregulation of β2*-nAChRs in Tobacco
Smokers

Based on the preclinical monkey study, our group imaged β2*-nAChRs in human
tobacco smokers at 7–9 days of smoking abstinence (early phase withdrawal). In
this and similar studies, the subjects were required to quit smoking and not use any
medications or nicotine replacement strategies such as the nicotine patch, because
all forms of nicotine would bind the β2*-nAChR and block the radiotracer from
binding. In order to help the subjects quit smoking, we used contingency man-
agement techniques (Staley et al. 2006). In the first paper, we demonstrated that
tobacco smokers at 7–9 days of abstinence have significantly higher β2*-nAChR
availability in the cortex, striatum, and cerebellum compared to a group of age- and
sex-matched nonsmokers (Fig. 2). This work in our laboratory (Staley et al. 2006)
and others (Mamede et al. 2007; Mukhin et al. 2008) confirmed that it is possible to
measure the upregulation phenomenon in human smokers in vivo.

4 K.P. Cosgrove et al.



2.3 Imaging the Normalization of β2*-nAChRs in Tobacco
Smokers

There is also evidence from preclinical (Collins et al. 1990; Pietila et al. 1998) and
postmortem human (Breese et al. 1997) studies that the β2*-nAChRs do not stay
upregulated and eventually return to control levels. The postmortem study (Breese
et al. 1997) indicated that smokers who had quit smoking at least two months prior
to their death had β2*-nAChRs levels similar to controls. However, smokers in the
study had quit anywhere from 2 months to 30 years prior to their death, so the study
did not shed light on the acute time course of receptor changes (e.g., during acute
withdrawal in the first few months of abstinence, when relapse rates are high). In
our next study, we imaged β2*-nAChR changes over the first few months of
abstinence in tobacco smokers (Cosgrove et al. 2009). As shown in Fig. 2, at one
day of abstinence, nicotine is still present in the brain blocking the radioligand from
binding to the receptor and there is no difference in β2*-nAChR availability com-
pared to the group of nonsmokers. At one week of abstinence, there is higher
β2*-nAChR availability in smokers compared to nonsmokers consistent with the
previous study (Staley et al. 2006). Then even at 2 and 4 weeks of abstinence,
receptor availability remains high and does not return to nonsmoker control levels

Fig. 2 β2*-nAChR availability (VT/fP) is shown in individual nonsmokers (open diamonds) and
tobacco smokers (filled circles) at 1 day, 1, 2, 4, and 6–12 weeks of abstinence in the thalamus,
striatum (average of caudate and putamen), cortex (average of cortical regions including parietal,
frontal, anterior cingulate, temporoinsular, and occipital cortex), and cerebellum. The line in each
scatter plot represents the mean value of those subjects. Asterisk indicates significant difference
from control nonsmokers after Bonferroni’s correction using two-sample t-tests. Dagger indicates
significant difference from 1 week abstinent smokers after Bonferroni’s correction using planned
post-hoc between-group comparisons subsequent to the analysis of repeated measures mixed-
effects regression models including the overall effect of abstinent smoker group
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until 6–12 weeks of abstinence. This study (Cosgrove et al. 2009) and others
(Brody et al. 2013b; Mamede et al. 2007) demonstrate that upregulation of
β2*-nAChRs is initially persistent, but that β2*-nAChRs normalize over approxi-
mately 6–12 weeks of abstinence from cigarettes and all other nicotine-containing
products. These brain changes parallel the clinical course of smoking cessation in
which craving, relapse, and withdrawal symptoms slowly dissipate over the first
few months of abstinence even though relapse may occur months or years after the
last cigarette.

Relationships between β2*-nAChR availability and clinical correlates have been
reported in these studies. The type of cigarette smoked modulates the degree of
upregulation. Cigarettes containing menthol, which are used by up to 1/3 of
smokers, lead to higher β2*-nAChR availability than non-menthol-containing cig-
arettes (Brody et al. 2013a). Additionally, a primary advantage of neuroreceptor
imaging studies (vs. postmortem studies) is that we can record behavior and
examine correlations between behaviors of interest and brain chemistry. At one
week of abstinence, β2*-nAChR availability in the sensorimotor cortex was nega-
tively correlated with the urge to smoke to relieve withdrawal symptoms (Staley
et al. 2006). At four weeks of abstinence subjects with higher β2*-nAChR avail-
ability in the cerebellum reported both a greater desire to smoke and a greater urge
to smoke to relieve withdrawal (Cosgrove et al. 2009). This suggests that magnitude
of upregulation may play a role in craving over the course of abstinence and that
managing the time course of the normalization may help individuals who are more
likely to relapse in response to high levels of craving. For example, it is possible
that nicotine replacement strategies may be effective because they continue to
activate β2*-nAChRs. This leads to continued upregulation and the individual can
“wean” the receptors off of nicotine as the dose of nicotine is decreased over time.

2.4 Sex Differences in β2*-nAChR Availability

There is a large literature demonstrating sex differences in tobacco smoking
behaviors. In general, men tend to smoke for the nicotine reinforcement, or nicotine
per se in the cigarette, whereas women tend to smoke more for the sensory cues
associated with smoking, as well as affect and stress regulation (Perkins 2009;
Perkins et al. 1999; Perkins and Scott 2008). There are also two preclinical studies
showing that male rats and mice exposed to nicotine exhibited greater nAChR
upregulation than female rats and mice exposed to nicotine (Koylu et al. 1997;
Mochizuki et al. 1998). We wanted to determine if there were sex differences in
β2*-nAChR availability between men and women smokers compared to non-
smokers. Consistent with the preclinical literature, male smokers had significantly
higher β2*-nAChR availability compared to male nonsmokers (9–17 %), but
women smokers had similar β2*-nAChR availability compared to women non-
smokers (1–3 %) (Cosgrove et al. 2012). This was a striking finding given in all the
studies demonstrating that nicotine and tobacco smoking upregulate β2*-nAChRs
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throughout the brain. Considering known behavioral sex differences in tobacco
smoking, these findings make sense and provide a biological mechanism that may
underlie some of the behaviors. Specifically, men smoke for the nicotine in ciga-
rettes, they are more responsive to nicotine replacement therapy as a cessation
strategy, and men’s brains are responsive to nicotine, exhibiting upregulation of
β2*-nAChRs. Women smoke for affect regulation and for reasons other than the
nicotine, they do not respond as well to nicotine replacement strategies, and their
brains do not respond to nicotine by increasing β2*-nAChRs. The bottom line is
that novel treatment strategies targeting other receptor systems need to be evaluated
to more effectively help women quit smoking. All the current strategies act at the
β2*-nAChR, and, of course, all nicotine replacement strategies act at that site. For
example, varenicline (Chantix) is a partial agonist at the β2*-nAChR, and even
bupropion (Zyban) is a nicotinic antagonist.

2.5 Nicotine Occupancy of β2*-nAChRs

In addition to receptor changes, imaging studies have informed our knowledge about
what happens in the brain after someone smokes a cigarette. For example, after one
puff of a cigarette, approximately 50 % of all β2*-nAChRs in the brain are occupied
by nicotine. After smoking one or two cigarettes, the receptors are saturated, so up to
100 % of β2*-nAchRs are occupied by nicotine (Brody et al. 2006a; Esterlis et al.
2013). We know that nicotine doesn’t clear the brain immediately, and in fact
dependent smokers have a slower process of nicotine accumulation going into the
brain from a cigarette than do nondependent smokers (Rose et al. 2010). Indeed, in
one study, habitual smokers did not show evidence of puff-associated spikes in
nicotine, but rather a gradual accumulation of nicotine during smoking (Rose et al.
2010). Both of these ideas—rapid accumulation and puff-associated spikes of nic-
otine—had been proposed to explain the maintenance of tobacco dependence. So
with a slow kinetic profile and with most receptors in a smoker occupied by nicotine
throughout the day, why do people keep smoking? This brings up some important
points about tobacco smoking. People smoke for many different reasons, and nicotine
reinforcement is only one component. The reinforcement or pleasure derived from
nicotine, like many other drugs of abuse, is necessary in driving the initial phases of
drug-seeking behavior. However, as the addiction progresses, many people may
continue to smoke in order to avoid withdrawal symptoms and due to the many
conditioned cues that have become ingrained, which are a part of the compulsive,
repetitive nature of tobacco smoking. Additionally, there are over 4,000 chemical
compounds that are produced when a cigarette burns; all of these compounds are in
tobacco smoke and are inhaled. Thus, while nicotine is the primary addictive com-
ponent of tobacco smoke, there are additional compounds such as MAO-A and
MAO-B inhibitors that likely play a role.

Other imaging studies have demonstrated that even smoking a denicotinized
cigarette, which supposedly has very low nicotine content, leads to occupancy of
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approximately 20 % of β2*-nAChRs in the brain (Brody et al. 2009). This is similar
to the level of occupancy produced by secondhand smoke. Brody and colleagues at
UCLA performed an elegant study examining the effect of secondhand smoke on
β2*-nAChRs by having subjects sit in a car (the window was down a few inches)
with a person smoking, and they reported up to 20 % of β2*-nAChRs were
occupied by nicotine in the individual who was just sitting in the car, not smoking
(Brody et al. 2012). Interestingly, several states have recently passed laws pro-
hibiting smoking in the car with children under the age of 18.

In terms of treatment, Esterlis and colleagues conducted a proof-of-concept study
(Esterlis et al. 2013) to determine whether a nicotine vaccine, 3′-AmNic-rEPA,
would reduce the amount of nicotine entering the brain and binding to β2*-nAChRs.
Smokers were imaged before and after treatment with the vaccine, and occupancy of
intravenously delivered nicotine was measured. Immunization led to a signifi-
cant *13 % reduction in nicotine occupancy confirming that vaccines may help
smokers quit smoking by reducing the amount of nicotine available to occupy β2*-
nAChRs. While this particular vaccine is not available for treatment, this study
highlights an innovative paradigm to test future medications.

3 Imaging Dopamine Release in Response to Nicotine
and Tobacco Smoking

3.1 Preclinical Microdialysis Studies

Before PET made possible indirect measurement of dopamine release in vivo, the
only way to measure dopamine levels in a living brain was via microdialysis.
Microdialysis is used primarily in rodents. During a surgery, a probe is placed
through the skull into the region of interest (e.g., the nucleus accumbens). After
recovery, DA levels can be sampled in the awake, behaving animal typically in
response to a drug or a stimulus. Di Chiara and Imperato performed the seminal
study showing that drugs abused by humans release DA in the nucleus accumbens
of the rat brain (Di Chiara and Imperato 1988). Amphetamine (1.0 mg/kg, SC)
raised DA levels over 1,000 % from baseline, whereas ethanol (1.0 g/kg, IP) and
nicotine (0.6 mg/kg, SC) raised DA levels to 200 % over baseline levels. This
illustrates how powerful DA release can be when it is directly stimulated with
amphetamine, which is both a direct DA releaser and DA reuptake inhibitor. Put
into context, a similar dose of amphetamine given to a monkey or a human in a
PET experiment, which is an indirect measure of change in DA, would result in
a 15–30 % change in binding potential (BP) as measured with [11C]raclopride or
another D2/3 ligand.
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3.2 Imaging Dopamine Release with PET

Striatal dopamine release has been reliably measured using stimulants such as
amphetamine or tobacco smoking with radiotracers such as [11C]raclopride PET or
[123I]IBZM SPECT (see Laruelle 2000 for review). More recently, [11C]PHNO has
been used, since as an agonist, it labels the high-affinity functional dopamine D2/3
receptors (which theoretically makes it more sensitive to changes in DA compared
to [11C]raclopride, an antagonist). Further, because it has a higher affinity for D3
versus D2 DA receptors, this allows for regional interpretation of D3 and D2
receptors (Girgis et al. 2011). Specifically, in humans, binding in dorsal striatum is
primarily D2, binding in substantia nigra is primarily D3, and binding in globus
pallidus is mixed with approximately 65 % D3 versus D2 dopamine receptors
(Tziortzi et al. 2011). For all of the dopaminergic radiotracers, drugs such as
amphetamine robustly increase synaptic DA. The increased DA competes with the
radiotracer to bind at the dopamine receptor; thus, an increase in DA results in a
decrease in radiotracer binding compared to baseline (Fig. 3). This allows calcu-
lation of the “occupancy” of the receptors by DA or a change in BP and is an
indirect measure of DA release based on the “occupancy model” (Laruelle 2000).
Although nicotine is a less robust DA releaser compared to amphetamine, there are
many studies that have examined nicotine and tobacco smoking-induced DA
release in human subjects.

Fig. 3 Binding competition at dopamine D2/D3 receptors between endogenous dopamine and
PET radiotracers, [11C]raclopride or [11C]PHNO, at baseline and after nicotine or tobacco
smoking. Nicotine increases synaptic dopamine levels, and the dopamine binds to the D2/3
receptors which reduce the number of available binding sites for the radiotracers which also bind
the D2/D3 receptors. The change in number of available receptors from the baseline scan to the
scan after the drug challenge is an indirect measure of increased dopamine levels
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3.3 Imaging Dopamine Release in Smokers

Most of the PET studies of the dopaminergic response to cigarette smoking and/or
nicotine are summarized in Table 1. Unless noted, the studies used [11C]raclopride
PET imaging. Barrett et al. did one of the earliest studies of smoking with PET; the
first study with smokers actually smoking in the scanner (Barrett et al. 2004). While
the authors did not find any significant change in BP between the baseline and
smoking periods, the subjects who experienced “mood elevating effects in response
to smoking” (n = 5) had a 21 % decrease in BP from baseline (i.e., increase in DA)
in the caudate. There were some notable innovations in the Barrett et al. study as
well as some reasons for caution in interpretation. On the plus side, the smokers
smoked in the scanner—thus any DA release detected could be attributed to the
entire smoking behavior—something not possible with animals but highly relevant
for medications development. The smokers were asked to smoke their own brand—
another way of assuring that behavior in the scanner approximated subjects’
smoking behavior. However, the protocol of smoking up to six cigarettes in an hour
may have been aversive to some of the subjects and possibly contributed to the
variability between subjects.

Scott et al. (2007) took a different approach to the experimental design of their
study. They asked a slightly different question than in the other studies: namely,
what role does the nicotine per se in cigarettes play in DA release? Smokers smoked
a denicotinized cigarette, followed by a regular nicotine-containing cigarette while
in the scanner. In the 6 smokers, there was no statistically significant decrease in BP
from denicotinized to nicotine-containing cigarettes in any subregion of the stria-
tum. They did find a relationship between greater decrease in BP in the ventral
striatum from denicotinized to nicotine-containing cigarettes (i.e., greater dopamine
release) and degree of dependence on nicotine (as measured by the Fagerström Test
for Nicotine Dependence; FTND) (Scott et al. 2007).

Two other studies focused on measuring the nicotine (as opposed to cigarette)
effect on DA release in humans. Montgomery and colleagues administered nicotine
to subjects via nasal spray (Montgomery et al. 2007), and Takahashi and colleagues
had subjects chew nicotine gum (Takahashi et al. 2008). Neither group found any
significant change in BP due to nicotine in any individual striatal region. Takahashi
and colleagues showed a significant decline in BP with nicotine administration in
the striatum overall indicating a dose-dependent effect. Following up on Scott et al.
(2007) and Barrett et al. (2004) both newer studies looked for correlations between
the change in BP and behavior. Montgomery and colleagues found a correlation
between “happiness” and decrease in BP in associative striatum indicating greater
happiness with greater dopamine release. In agreement with Scott and colleagues,
Takahashi and colleagues found voxels in the ventral putamen that showed a sig-
nificant correlation between decrease in BP and FTND score.

Finally, several studies have measured DA release with the subjects smoking
outside the scanner. Brody and colleagues imaged smokers before and after a
“smoke break” compared to smokers who took a break but did not smoke.

10 K.P. Cosgrove et al.
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The major finding was a large (up to 26 %), but variable, amount of DA release in the
ventral striatum, which was statistically greater in the smokers who smoked than in
those who did not. In a follow-up study, the same group used the same protocol two
years later, and while they replicated the direction of the findings, the effect size was
quite a bit smaller (Brody et al. 2006b) with changes in BP of approximately 8 %. In
both studies, they found that the greater the reduction of craving for a cigarette from
pre- to post-break, the greater the increase in ventral striatal DA release. The 2006
paper introduces genetic variation and its possible role in smoking. Subjects were
genotyped for mutations in the genes that encode for dopamine receptors, dopamine
transporter, or catechol-O-methyltransferase (an enzyme that breaks down cate-
cholamines) proteins. Their results suggested that differences in amount of DA
released (change in tracer binding) could be related to mutation status, and this in turn
helps to explain some of the inherent variability in the BP numbers in both studies.
An additional study by the same group measured smoking-induced DA release
before and after counseling, bupropion or placebo treatment.While smoking-induced
DA release was reduced in all groups, there was no difference between treatments and
the reduction was attributed to the smaller puff volume recorded after treatment
(Brody et al. 2010).

In the most recent study, Le Foll and colleagues imaged smokers with [11C]
PHNO before and after a cigarette and BP was reduced after smoking by 12 and
15 % in D2-rich and D3-rich regions, respectively (Le Foll et al. 2013). This is
consistent with our preclinical study demonstrating that [11C]PHNO may be more
sensitive than [11C]raclopride to measure small changes in DA release elicited by
nicotine.

One concern with the existing studies is the timing of the dopamine response.
Specifically, the response to smoking a cigarette is a transient increase in DA;
however, the image analysis techniques in the studies use an average of all the data
collected over 30 min to up to 2 h, which may significantly dilute measurement of a
transient dopamine response. The known limitations of common methods of
analysis in the face of transient DA release are discussed in the recent paper by
Sullivan and colleagues (Sullivan et al. 2013). Thus, analysis techniques with
improved temporal resolution may be better suited to more transient DA release.
We have recently developed a visualization technique to display 4-dimensional
results in a “dopamine movie”, where DA changes can be viewed in bins of 3 min,
which allows for transient responses to be captured. Dopamine movies can be
viewed at http://www.jove.com/video/50358 (Morris et al. 2013). The sensitivity of
dopamine movies to spatially limited and temporally brief dopamine changes is
fully characterized in a recent paper (Kim et al. 2014). Taken together these studies
confirm that smoking elicits ventral striatal dopamine release and is associated with
a reduction of craving. Development of this new model with greater temporal
resolution of dopamine fluctuations will provide a novel paradigm to determine
what aspects of the dopaminergic signature are different between groups or are
affected by medications.

12 K.P. Cosgrove et al.
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4 Imaging the Comorbidity of Tobacco Smoking
with Schizophrenia

While approximately 20 % of the adult American population smokes cigarettes, the
prevalence of tobacco smoking is up to 4 times higher in individuals with schizo-
phrenia (see chapter entitled Psychiatric Disorders as Vulnerability Factors for
Nicotine Addiction: What Have We Learned from Animal Models?; this volume).
The exploration of the effects of smoking on brain chemistry in psychiatric popula-
tions is less advanced than in otherwise healthy individuals, but some early preclinical
studies, and more recent clinical studies, provide insight into potential mechanisms
underlying the high comorbidity.

An initial postmortem study suggested that smoking may not lead to the same
extent of upregulated β2*-nAChRs in individuals with schizophrenia compared to
healthy controls. Specifically, nonsmokers with and without schizophrenia had
similar numbers of β2*-nAChRs; however, smokers with schizophrenia had lower
numbers of β2*-nAChRs than healthy smokers (Breese et al. 2000). We performed
in vivo imaging studies to attempt to replicate their finding and to determine if there
were relationships between β2*-nAChRs and clinical correlates of schizophrenia. In
our first study, we demonstrated that smokers with schizophrenia have lower β2*-
nAChR availability compared to healthy smokers (Fig. 4) (D’Souza et al. 2012).
However, in that study, we did not include nonsmoker comparison groups and thus
we were not able to determine whether there is a difference in degree of upregu-
lation of β2*-nAChRs in smokers with and without schizophrenia. Recently, we

Fig. 4 Parametric images are shown illustrating β2*-nAChR availability in a control male smoker
(left) and a male smoker with schizophrenia (right) as measured with [123I]5-IA-85380 SPECT.
Higher receptor availability is observed in the control smoker (depicted by higher concentration of
red and yellow) as compared to the smoker with schizophrenia

Imaging Tobacco Smoking with PET and SPECT 13
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followed up with a larger study and examined this system in smokers and non-
smokers with and without schizophrenia. We confirmed the postmortem study and
demonstrated that smokers with schizophrenia do have higher β2*-nAChR avail-
ability than nonsmokers with schizophrenia; however, the difference was restricted
to fewer regions than we have found in otherwise healthy smokers. Critically, we
found that smokers with schizophrenia who have lower β2*-nAChR availability
report more negative symptoms and perform worse on tests of executive control.
This is important because there are medications available to treat the positive
symptoms of schizophrenia (e.g., hallucinations and delusions), but there are no
effective medications for the negative symptoms (e.g., anhedonia and flat affect)
that significantly impair quality of life. Overall, these data suggest that the cho-
linergic system may be an excellent target for innovative pharmacological tools to
treat some symptoms of schizophrenia and comorbid tobacco addiction.

5 Conclusion

Receptor imaging has led to many insights into tobacco smoking addiction in the
living human brain. These findings should help shape our treatment of tobacco
smoking. For example, we know that the dopaminergic signature in response to
tobacco smoking is short-lived but is associated with significant reductions in
craving. We also know that the smoking-induced upregulation of β2*-nAChRs takes
approximately 6–8 weeks to return to control levels. Thus the time course of with-
drawal that may contribute to difficulties with quitting smoking has two components
that need to be treated. The first is the acute withdrawal (hours, overnight) phase,
during which intense craving can be relieved by smoking a cigarette and eliciting
dopamine release. The second is a much more prolonged withdrawal phase, during
which, there is a normalization of the cholinergic system that may underlie longer-
term adaptations in areas such as cognitive functioning and cue-reactivity. Finally,
imaging studies should be used to guide drug development for tobacco smokers who
are more treatment resistant, such as individuals with psychiatric comorbidity.
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Abstract Cigarette smoking is the leading cause of preventable deaths worldwide,
and nicotine, the primary psychoactive constituent in tobacco, drives sustained use.
The behavioral actions of nicotine are complex and extend well beyond the actions
of the drug as a primary reinforcer. Stimuli that are consistently paired with nicotine
can, through associative learning, take on reinforcing properties as conditioned
stimuli. These conditioned stimuli can then impact the rate and probability of
behavior and even function as conditioning reinforcers that maintain behavior in the
absence of nicotine. Nicotine can also act as a conditioned stimulus (CS), predicting
the delivery of other reinforcers, which may allow nicotine to acquire value as a
conditioned reinforcer. These associative effects, establishing non-nicotine stimuli
as conditioned stimuli with discriminative stimulus and conditioned reinforcing
properties as well as establishing nicotine as a CS, are predicted by basic condi-
tioning principles. However, nicotine can also act non-associatively. Nicotine
directly enhances the reinforcing efficacy of other reinforcing stimuli in the envi-
ronment, an effect that does not require a temporal or predictive relationship
between nicotine and either the stimulus or the behavior. Hence, the reinforcing
actions of nicotine stem both from the primary reinforcing actions of the drug (and
the subsequent associative learning effects) as well as the reinforcement enhance-
ment action of nicotine which is non-associative in nature. Gaining a better
understanding of how nicotine impacts behavior will allow for maximally effective
tobacco control efforts aimed at reducing the harm associated with tobacco use by
reducing and/or treating its addictiveness.
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1 Introduction

Cigarette smoking is the leading cause of preventable morbidity and mortality
worldwide, resulting in about 4.9 million deaths per year. It is widely accepted that
nicotine is the primary psychoactive and reinforcing component of tobacco that
produces the addictive state underlying sustained use of cigarettes and other
tobacco products (Stolerman and Jarvis 1995; USDHHS 1988).

Despite the clinical observations that tobacco products are quite addictive and
success rates for quitting tobacco use are low (USDHHS 1988, 2012), experimental
evidence suggests the primary reinforcing properties of nicotine, by itself, are weak.
Indeed, when considering the primary reinforcing properties of nicotine compared
to other drugs of abuse, the addictive power of tobacco products is surprising.
However, the reinforcing properties of nicotine are much more complex than simple
primary reinforcement from the drug. In addition to nicotine acting as a primary
reinforcer, other stimuli that are consistently paired with nicotine can, through
associative learning, take on reinforcing properties as conditioned stimuli. These
conditioned stimuli can then impact the rate and probability of behavior and even
function as conditioning reinforcers that maintain behavior in the absence of nicotine.
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Nicotine can also act as a conditioned stimulus (CS), predicting the delivery of other
reinforcers, which may allow nicotine to acquire value as a conditioned reinforcer.
These associative effects, establishing non-nicotine stimuli as conditioned stimuli
with discriminative stimulus and conditioned reinforcing properties as well as
establishing nicotine as a CS, are predicted by basic conditioning principles. How-
ever, nicotine can also act non-associatively. Nicotine directly enhances the rein-
forcing efficacy of other reinforcing stimuli in the environment, an effect that does not
require a temporal or predictive relationship between nicotine and either the stimulus
or the behavior. Hence, the reinforcing actions of nicotine stem both from the primary
reinforcing actions of the drug (and the subsequent associative learning effects) as
well as the reinforcement enhancement action of nicotine which is non-associative in
nature. Together, these two actions constitute what has been referred to as the “dual-
reinforcement”model of nicotine reinforcement (Caggiula et al. 2009; Chaudhri et al.
2006b; Donny et al. 2003). Nicotine as a CS/reinforcer has received less attention, but
potentially functions as a third mechanism underlying nicotine reinforcement
(Bevins 2009). These actions serve as the basis for this chapter.

2 Nicotine Self-administration

The gold standard for studying the reinforcing properties of drugs in experimental
animals is self-administration in which animals need to perform a behavioral task
(e.g., press a lever, poke their nose into a hole) to obtain the drug. Hence, the focus
of the chapter is on self-administration studies. Data from other procedures such as
conditioned place preference (CPP), in which animals choose between an envi-
ronment previously paired with the drug and one never paired with the drug, are
incorporated when they provide additional insight. Most nicotine self-administra-
tion studies have used rats (Corrigall and Coen 1989; Donny et al. 1995), although
self-administration has been demonstrated across a wide range of species including
humans, non-human primates, dogs, and, more recently, mice (Corrigall 1999;
Fowler and Kenny 2011; Goldberg et al. 1983; Le Foll and Goldberg 2005; Matta
et al. 2007; Stolerman 1999).

However, it is important to appreciate that depending on the details of the
methodological approach, multiple actions of nicotine might be occurring together
and underlie the observed behavior. Historically, nicotine self-administration pro-
cedures in rats have utilized a protocol in which nicotine delivery is paired with a
stimulus such as a cue light, chamber light, or tone. That stimulus might function as
a primary reinforcer and/or acquire conditioned reinforcing properties after repeated
association with nicotine infusion delivery. The reinforcing effects of that stimulus
might then also be affected by the non-associative effects of nicotine. Thus, self-
administration procedures often do not distinguish between primary reinforcement,
reinforcement enhancement, and associative effects that may emerge over repeated
experimental sessions. When considering data from nicotine self-administration
studies, it is essential to understand the details of the methodological approach and
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be mindful of the different actions of nicotine that may underlie the observed
behavior. This complexity is arguably an appropriate model for tobacco use in
people in which the interaction between nicotine and concurrent stimuli is reality
and these multiple reinforcing actions of nicotine are integrated to support behavior.

The reinforcing effects of nicotine are affected by a number of important mod-
erating variables. For example, the duration and route of administration of nicotine
delivery and the sex and age of subjects impact the reinforcing properties of nic-
otine and are highly relevant when considering the reinforcing properties of tobacco
products. Furthermore, in the context of tobacco products, other chemical constit-
uents found in tobacco products that would be delivered along with nicotine may
interact with nicotine to alter its complex reinforcing properties. Moderating vari-
ables are discussed in more detail below.

Although humans typically self-administer nicotine in the context of tobacco
products, laboratory studies have shown than people will work for nicotine. This
research, typically conducted with infusions of nicotine paired with a novel light
stimulus, shows that nicotine supports behavior that is dose dependent and schedule
dependent and different from vehicle (Harvey et al. 2004; Henningfield and
Goldberg 1983). Smokers also report subjective experiences consistent with the
rewarding effects of nicotine (Sofuoglu et al. 2008). Although limited, these human
laboratory studies confirm the basic observations from experimental animals,
supporting the validity of the preclinical models that form the basis of this chapter.

2.1 Outcome Measures

It is worth noting that while most self-administration studies focus on measuring
response or infusion rates during stable periods of self-administration as the key
dependent measures, there are several other important measures that may reflect the
reinforcing properties of nicotine. In particular, the rate at which rats acquire self-
administration likely reflects the reinforcing actions of nicotine (i.e., the more the
reinforcing, the faster the rats will acquire the behavior). Similarly, the percentage of
rats self-administering nicotine should also reflect the reinforcing properties of
nicotine under those conditions. Like stable rates of nicotine self-administration that
are maintained over multiple sessions, the rate and percentage of rats acquiring is
dose related and might be particularly sensitive to changes in the reinforcing
properties of nicotine. For example, self-administration on a fixed ratio (FR) 2
schedule for a low dose of nicotine (7.5 µg/kg/infusion) compared with a maximally
effective dose (60 µg/kg/infusion) develops more slowly and in a smaller percentage
of rats, but the level of self-administration ultimately attained is similar (Smith et al.
2014b). Many researchers also measure the willingness of an animal to work for a
reinforcer, in this case infusions of nicotine, by increasing the number of responses
required for an infusion within a session [progressive ratio (PR)] (Donny et al. 1999).
Other measures such as the latency to start responding or earn an infusion, responding
during a time out period, or responding despite an additional negative consequence
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have received relatively little attention but might provide additional insight into the
factors controlling behavior (e.g., latency to first infusion may be a reflection of the
influence of the context on behavior).

2.2 Route, Dose, and Rate of Nicotine

The pharmacological actions of nicotine are mediated through its interactions with
nicotinic acetylcholine receptors (nAChR), which are located in many sites
throughout the brain and rest of the body (Leslie et al. 2013). Multiple subtypes of
nAChR comprised of many subunit compositions have differing affinities for nic-
otine and kinetics (Picciotto et al. 2001). Thus, it is not surprising that the rein-
forcing actions of nicotine are dependent upon dose, route of administration, and
temporal aspects of delivery (Le Foll and Goldberg 2005).

Nicotine self-administration protocols predominantly use methods that deliver
infusions intravenously over a brief period of 1–5 s (Matta et al. 2007). The use of
short-duration intravenous (iv) infusions is based on the understanding that drugs
that rapidly reach the brain are considered more reinforcing and have increased
abuse liability (Benowitz 1990; Samaha and Robinson 2005), and the assumption
that nicotine inhaled from cigarette smoke is rapidly absorbed into the pulmonary
circulation and thus reaches the brain 5–10 s following inhalation (Russell and
Feyerabend 1978). Additional puffs of cigarette smoke provide additional pulses of
nicotine, superimposed on an increasing blood level of nicotine (Rose et al. 1999).
Importantly, rapid discrete (iv) infusions of nicotine support self-administration
(Corrigall and Coen 1989; Donny et al. 1995; Matta et al. 2007). In self-
administration procedures that use cues (e.g., a cue light located above the active
lever or other operandum associated with (iv) nicotine delivery), rats reliably self-
administer nicotine in the 10–60 µg/kg/infusion range (Chaudhri et al. 2007; Donny
et al. 1995, 1998, 1999). Several studies directly examining the impact of pro-
longing infusion duration on self-administration of nicotine (Wakasa et al. 1995;
Wing and Shoaib 2013) determined that short-duration infusion delivery supported
greater responding, as might be expected from other abuse liability research (Ator
and Griffiths 2003; Busto and Sellers 1986; Farre and Cami 1991; McColl and
Sellers 2006; Samaha and Robinson 2005).

On the other hand, it has recently been argued that the rapid (iv) infusion of nicotine
(<5 s) typically used in rat self-administration studies, coupled with single infusion
doses that are on par with the quantity of nicotine delivered in an entire cigarette (i.e.,
10–30 μg/kg/cigarette for a 70 kg individual), does not accurately represent the
increase in plasma nicotine concentration of a person smoking a cigarette (Sorge and
Clarke 2009; Rose et al. 1999). To model the dose of a single cigarette puff and the
seconds-to-minutes long rise in arterial nicotine concentration, smaller doses deliv-
ered over a longer infusion duration may be required. “Puff-sized” doses modeling
that delivered in a single puff of a cigarette might be closer to 1–10 μg/kg nicotine, and
the (iv) infusion duration might be several tens of seconds to better model tissue
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nicotine delivery from smoking cigarettes. Sorge and Clarke (2009) performed a
series of experiments designed to more closely mimic nicotine delivery in human
smokers and determine optimal dose/duration combinations chosen by rats in a
concurrent access protocol. First, to test the reinforcing value of nicotine (15 μg/kg/
infusion) delivered over different lengths of time, adult male rats self-administered
infusions delivered over 3, 30, 60, or 120 s in a cued protocol. On a FR 1 schedule of
reinforcement, there was no effect of infusion duration on infusions earned; however,
on an FR 5 schedule, rats self-administered equal numbers of infusions of 3 and 30 s
lengths, which were significantly greater than more prolonged infusion durations.
Rats given the opportunity to respond on different levers to deliver 3- or 30-s infusions
of nicotine (15 µg/kg) selected the 30-s infusion duration significantly more than the
3-s duration (10 vs. 6 infusions during 2-h sessions). Analysis of the dose–response
effects of nicotine using this prolonged 30-s infusion duration determined that on an
FR 1 schedule, doses between 3 and 30 μg/kg supported self-administration, and all
doses above 3 μg/kg supported self-administration on an FR 5 schedule of rein-
forcement. The authors concluded that rats prefer slow infusions to fast when given a
choice and that rats will self-administer a wider range of nicotine doses, including
“puff-sized” doses, when the infusion duration is prolonged to this 30-s range.

Other data, however, are inconsistent with this observation. The low doses shown
to support behavior with prolonged infusions (i.e., 3 and 10 μg/kg/infusion) have
also supported robust self-administration with 1-s infusions in cued paradigms
(Bardo et al. 1999; Donny et al. 1995; Smith et al. 2013, 2014b). Furthermore,
unpublished data from our laboratory comparing infusions of nicotine delivered over
1 or 20 s found little difference in responding for both 3.75 and 10 μg/kg/infusion
nicotine. Groups exhibited a difference in responding for 30 μg/kg nicotine, with
animals receiving the rapid 1-s infusion earning nearly double the infusions earned
by the group receiving slow 20-s infusions. Other studies have produced mixed
results with moderate increases in infusion duration of nicotine finding either no
evidence of self-administration using 6-s infusions or even a moderate but significant
increase in infusions earned by mice receiving 3-s compared to 1-s nicotine infusions
(Belluzzi et al. 2005; Fowler and Kenny 2011).

What is clear from the published literature is that there is no consensus and
considerable variability, regarding the impact of infusions in the range of 1 s
(“rapid” infusion), which has been standard in most nicotine self-administration
studies, to tens of seconds (“slow” infusion). Discussion of the rate of (iv) delivery
should not simply focus on what rate supports the most robust self-administration.
What infusion profile best models nicotine delivery in people depends on the
tobacco product or nicotine delivery system (e.g., electronic cigarette or nicotine
patch) being considered. This issue will become increasingly important as new
nicotine delivery devices are developed and their abuse liability is evaluated.
Additionally, simply comparing rates of nicotine self-administration may miss
important differences in underlying mechanism. For example, Sorge and Clarke
(2009) have reported the intriguing observation that dopamine antagonists differ-
entially impact nicotine self-administration depending upon whether nicotine is
delivered via “rapid” or “slow” infusions. Likewise, other moderating variables
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(e.g., cues) may be more or less important depending on the rate of nicotine
delivery. Indeed, whereas the primary reinforcing actions of nicotine, along with the
associative actions derived from them, require discrete infusions of nicotine
contingent on behavior, the non-associative reinforcement enhancement actions
of nicotine are observed with slow, even systemic, administration, as well as rapid
(iv) infusions (Caggiula et al. 2009).

2.3 Food Restriction

Most self-administration studies of addictive drugs, including nicotine, are con-
ducted on mildly food-restricted rats, with food limited to approximately 80 % of the
amount of food consumed with unlimited access. This food restriction maintains
weight gain, though at a rate below what is observed with unlimited access to food.
Experimental animal models of drug abuse use food restriction for a variety of
reasons. Constraining growth might prolong patency of the catheter. It might also be
argued that animals are not normally exposed to easy access to unlimited food
sources and that unlimited access results in overweight and unhealthy animals
(Abelson 1995; Speakman and Mitchel 2011). Most importantly, food restriction
leads to higher levels of responding in operant procedures and contributes to the
overall motivational state of the animal (Lang et al. 1977). Food restriction typically
results in more robust self-administration and self-administration of low doses of
nicotine that is not observed without food restriction (Corrigall and Coen 1989;
Donny et al. 1998; Singer et al. 1978). This increase in self-administration may
simply result from the animals being more likely to explore their environment and
respond on operanda, as chronic calorie restriction leads to an increase in physical
activity prior to food availability (Duffy et al. 1990; Russell et al. 1987). Interestingly,
there is evidence that calorie restriction also increases cigarette use in human smokers
(Cheskin et al. 2005). It is important to emphasize, however, that food restriction is
not required for rats to acquire self-administration behavior for nicotine (Donny et al.
1998; Peartree et al. 2012; Yan et al. 2012). Whatever the explanation for why
moderate food restriction enhances nicotine self-administration (and responding in
other operant procedures as well), the imposition of this “motivational state” is an
important variable in nicotine self-administration procedures.

2.4 Session Length

The vast majority of nicotine self-administration studies rely on daily (or 5 day per
week) sessions lasting an hour or a few hours. Other studies allow more continual
self-administration access, allowing rats to respond for nicotine infusions for 22 or
23 h/day with a short break for cleaning the operant chambers. Rats readily
self-administer nicotine in both limited and extended access procedures, and
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importantly, the dose–response relationship for self-administration is similar (Matta
et al. 2007). Extended access procedures result in greater daily nicotine intake,
although the rate of infusions per hour is reduced. Given the more continuous
nature of extended access, animals are more likely to develop nicotine dependence
as a results of nicotine exposure that is maintained for a prolonged period each day
and may undergo withdrawal if access to nicotine is terminated or pharmacologi-
cally precipitated (O’Dell et al. 2007), or even just with significant gaps in self-
administration. Consequently, dependence may result in another reinforcing action
supporting additional behavior that is not observed in the limited access procedures,
negative reinforcement related to withdrawal suppression. Interestingly, Cohen
et al. (2012) observed that if periods of extended access are spaced with one or two
days of no access, the rates of self-administration are substantially greater compared
to both extended access without those breaks and limited access sessions with
similar days of no access. In contrast, others have argued that limited and extended
access paradigms produce comparable levels of dependence (Paterson and Markou
2004). Despite these potential differences, most studies continue to use limited
access because of practical issues and limited access protocols are well suited to
examine the reinforcing properties of nicotine in the absence of issues associated
with withdrawal.

2.5 Sex and Age

The sex of a subject may also moderate (iv) nicotine self-administration, an important
issue to consider given that there are sex differences in tobacco use. Althoughmen are
more likely than women to smoke, data from human studies and national surveys of
smoking behavior suggest that sex differences are complex and could differentially
impact susceptibility to initiate tobacco product use, the progression to dependence,
and difficulty with successful cessation (Benowitz and Hatsukami 1998; Brady and
Randall 1999; Carroll et al. 2004; Kim and Fendrich 2002; Lynch et al. 2002; Lynch
2006, 2009). These differences may be related to differences in pharmacokinetics and
metabolism (Jensvold et al. 1996; Kyerematen et al. 1988), brain development,
physiology and function (Berchtold et al. 2008; Chambers et al. 2003), and circu-
lating reproductive hormones (Becker and Hu 2008; Breslau and Peterson 1996;
O’Hara et al. 1989; Perkins et al. 1999). Women have also been shown to be more
reactive to nicotine-associated cues (Perkins et al. 1999, 2001) and stress, which may
lead to a greater propensity to relapse (Perkins et al. 2013; Schnoll et al. 2007; Xu
et al. 2008).

Sex differences in tobacco use can be recapitulated in rat models of nicotine self-
administration suggesting a biological basis. Adult female rats have been shown to
respond more for nicotine, although they also demonstrated increased responding on
an inactive lever (Chaudhri et al. 2005). In other studies using nicotine paired with a
visual stimulus (VS) (discussed more below), male and female rats acquired nicotine
self-administration at a comparable rate and to similar asymptotic levels within a
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standard range of nicotine doses (30–90 µg/kg/infusion), but females acquired self-
administration faster and reached higher break points on a PR schedule of rein-
forcement at lower doses of nicotine (Donny et al. 2000; Lanza et al. 2004). In a 23-h
extended access test, adult female rats had higher rates of responding for a large dose
(60 µg/kg/infusion) than adult males rats (Grebenstein et al. 2013). Finally, females
may experience greater withdrawal from nicotine, particularly those related to anx-
iety/stress (for review, see O’Dell and Torres 2014). However, to our knowledge, sex
differences related to negative reinforcement have not been evaluated.

Similarly, the age of a subject may also influence nicotine reinforcement.
Approximately 90 % of adult daily smokers initiated use prior to the age of 18, and
nearly all adult smokers began prior to the age of 25 (CDC 2012; USDHHS 2012).
National surveys of high school students report that 23% of students are current users
of tobacco products (use on at least 1 of the last 30 days) (CDC 2010). Earlier
initiation of smoking increases the likelihood that someone will become a heavy
smoker, be more dependent, and have greater difficulty quitting (USDHHS 2012).
These epidemiological data suggest that adolescence represents a period of vulner-
ability to nicotine use and dependence. Adolescents are biologically driven to seek
novelty and risk (Spear 2000) and are also more reactive to stress and unable to
modulate their response in a productive way (Chambers et al. 2003). Although the
preclinical literature examining developmental differences in nicotine use and rein-
forcement is limited and varied in approach, collectively, the findings suggest that
there are differences in the reinforcement of nicotine between adolescents and adults.

Adolescent rats have been shown to self-administer nicotine at rates compared to
adults across a range of doses (Chen et al. 2007; Levin et al. 2007, 2011; Natividad
et al. 2013). In a direct comparison of adolescent to adult females, adolescent
females self-administer significantly more nicotine than adults (Levin et al. 2003).
A study testing nicotine self-administration in male and female adolescents found
that both sexes responding similarly for nicotine infusions compared to adult rats
(Chen et al. 2007); however, female adolescent rats acquired nicotine self-admin-
istration more quickly and reached higher rates of responding than adult rats. Lynch
(2009) evaluated differences in self-administration of nicotine between male and
female adolescents in a long-access paradigm. Again, female adolescents displayed
the most robust self-administration behavior under a FR 1 and a PR schedule of
reinforcement (Lynch 2009).

Another issue that comes up in relation to the adolescent period is whether
exposure to nicotine during adolescence alters nicotine self-administration in
adulthood. Rats exposed to experimenter-administered nicotine as adolescents
showed increased nicotine self-administration (Adriani et al. 2003; Natividad et al.
2013) as adults compared to animals only exposed to nicotine during adulthood.
These data in rodents support the epidemiological data and hypothesis that early
exposure to nicotine may heighten the reinforcing actions of nicotine in adults.
However, studies from Shram et al. (2008a, b) suggest that adolescence is not a
period of enhanced sensitivity to the reinforcing actions of nicotine, noting the lack
of a difference in nicotine self-administration between adult and adolescent rats on
FR 1 and FR 2 schedules of reinforcement, and greater responding by adults on an
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FR 5 and PR schedule of reinforcement. Further complicating the influence of age
are moderating variables such as stress. When treated with yohimbine, an alpha-2
adrenergic receptor antagonist that many laboratories use to model a stress
response, adolescent females reached significantly higher break points and earned
more nicotine infusions than adolescent males at all doses of nicotine tested (7.5,
15, 30 µg/kg/infusion), suggesting greater reactivity after a stressor-like challenge
(Li et al. 2014; Zou et al. 2014). These data in rodents support the epidemiological
data that female adolescents may be more sensitive to the reinforcing properties of
nicotine, particularly with an additional stressor (McKee et al. 2003).

In CPP protocols, adolescent rats and mice have been shown to develop a pref-
erence after a single nicotine treatment (adults do not), exhibit a larger degree of
preference for nicotine than adults, including at lower doses of nicotine, and lack of
an aversion at high doses of nicotine (Belluzzi et al. 2004; Brielmaie et al. 2007; Kota
et al. 2007; Torres et al. 2008; Vastola et al. 2002). Additionally, animals exposed to
nicotine as adolescents showed increased CPP as adults (Adriani et al. 2006).

In sum, the preclinical literature predominantly supports the epidemiological
data from smokers that nicotine reinforcement may differ between males and
females and that adolescence is a period of heightened susceptibility to the rein-
forcing effects of nicotine. Additional research utilizing animal models is critical for
understanding the biological basis of age- and sex-related differences in nicotine
reinforcement. Although these studies can be technically challenging (e.g., catheter
patency in young animals, estrous cycle variation), they provide an opportunity for
experimental manipulations that are not possible in a clinical setting and therefore
can contribute to a better understanding of the causal relationship between devel-
opment, sex, and nicotine reinforcement.

2.6 Other Compounds in Cigarette Smoke

The reinforcing properties of nicotine can be modified by other chemicals in the
tobacco product. In cigarettes, nicotine is typically taken along with more than
8,000 other chemicals (CDC 2010). Research on several of the compounds in
tobacco smoke have suggested that they may be psychoactive and have abuse
potential by themselves and potentiate the abuse liability of nicotine (Hoffman and
Evans 2013). Non-nicotine compounds in cigarette smoke that may have rein-
forcing value or contribute to the reinforcing actions of nicotine include, but are not
limited to, acetaldehyde, minor alkaloids (e.g., nornicotine, myosmine, cotinine,
anabasine, anatabine), and ß-carbolines (e.g., harman and norharman). Investigating
these smoke constituents, alone and in combination with nicotine, is critical for a
better understanding of the reinforcing properties of cigarettes. However, the best
methodology for studying the reinforcing potential of these constituents is com-
plicated. For example, given that most of these constituents exist in cigarette smoke
at concentrations much lower than nicotine, what doses are appropriate for inves-
tigation? Should constituents be investigated in isolation or combined?
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Acetaldehyde, one smoke constituent, has received a fair amount attention. It is
one of several aldehydes present in tobacco smoke (Houlgate et al. 1989; Xie et al.
2009), resulting from the combustion of polysaccharides, as well as being added in
the manufacture of commercial cigarettes. Acetaldehyde is also the major metabolite
of ethanol and has previously been a focus of alcohol-abuse liability research (Correa
et al. 2012; Deng and Deitrich 2008). Nicotine and alcohol are often consumed
together, adding to the importance of studying the interaction between nicotine and
acetaldehyde. Acetaldehyde by itself acts a reinforcer and has been shown to be self-
administered orally (Peana et al. 2010, 2011), intravenously (Myers et al. 1982,
1984a, b; Takayama and Uyeno, 1985), and directly into the brain (Amit et al. 1977;
Brown et al. 1979; Rodd-Hendricks et al. 2002) by rats. Animals also prefer
chambers paired with acetaldehyde in CPP experiments (Melis et al. 2007; Querte-
mont and De Witte 2001; Peana et al. 2008; Smith et al. 1984; Spina et al. 2010).
Taken together, these results suggest that acetaldehyde has reinforcing properties.

Importantly, acetaldehyde may also interact with nicotine to potentiate the
magnitude of reinforcement. Early studies within the tobacco industry examined
whether acetaldehyde might potentiate nicotine self-administration. Denoble and
colleagues tested the ability of nicotine and acetaldehyde to be self-administered by
rats alone or in combination, across a range of doses (0–16 μg/kg/infusion for both
drugs) with the goal of isolating dose combinations that would produce the highest
levels of reinforcement (DeNoble and Mele 1983). Importantly, acetaldehyde
supported higher levels of responding than nicotine at equal doses. The combina-
tion of nicotine and acetaldehyde enhanced responding for infusions as compared to
responding for infusions of either drug alone. The augmented responding for the
combination was most robust at low doses of nicotine (2–8 μg/kg/infusion) and at
the highest dose of acetaldehyde (16 μg/kg/infusion) tested. The doses of nicotine
and acetaldehyde required to produce maximal responding for (iv) infusions were
quite different from what is in cigarettes, where acetaldehyde concentrations are
approximately half that of what is observed for nicotine. More recently, Belluzzi
et al. (2005) reported that adolescent male rats robustly self-administered a mix of
nicotine (30 µg/kg/infusion) and acetaldehyde (16 µg/kg/infusion) while not self-
administering either substance individually, which better models the nicotine-to-
acetaldehyde ratio in cigarettes. Interestingly, this interaction between acetaldehyde
and nicotine was not observed in adult rats. However, this study used a somewhat
unusual set of conditions (i.e., 5.6 s infusions, ad libitum feeding, FR 1, 3-h
sessions, only 5 self-administration sessions) in which nicotine alone is not self-
administered to a significant degree. Taken together, these studies highlight the
possibility that acetaldehyde administered along with nicotine can increase the
reinforcing properties of nicotine, at least under some conditions.

Although nicotine is the primary alkaloid found in tobacco, accounting for
roughly 95 % of the alkaloid content, other alkaloids (nornicotine, myosmine,
cotinine, anabasine, and anatabine) are also present (Huang and Hsieh 2007). These
minor alkaloids are similar in structure to nicotine, and some are metabolites of
nicotine (Crooks et al. 1997). A limited body of data suggests that some of these
minor alkaloids might have reinforcing properties, but only at doses much higher
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than or equal to nicotine (Bardo et al. 1999; Caine et al. 2014). In a test of whether
rats would self-administer a combination of nornicotine, myosmine, cotinine,
anabasine, and anatabine, with doses indexed to their concentration in cigarette
smoke relative to nicotine, the alkaloid cocktail did not support self-administration
behavior (Clemens et al. 2009). These limited results provide evidence that large
doses of some minor alkaloids may have positive reinforcing properties by them-
selves, but the reinforcing effects of these constituents are likely weak at doses that
more closely approximate the levels in tobacco (relative to nicotine). More
importantly, this mix of five minor alkaloids appeared to enhance the reinforcing
actions of nicotine, especially at lower doses of nicotine (Clemens et al. 2009).
Using a cued protocol with 4-s infusions, rats self-administered a solution con-
taining 30 µg/kg/infusion of nicotine along with the minor alkaloids significantly
more than just nicotine. The increase in self-administration associated with the co-
administration of the minor alkaloids was dependent on the reinforcement schedule
(it was observed at FR 5 and PR schedules but not FR 1 or FR 2) and appeared to be
larger at smaller doses of nicotine. However, the minor alkaloids co-administered
along with nicotine also increased locomotor activity compared to just nicotine and
increased inactive responding on the FR 5 schedule to the same extent as it
increased active responding, raising questions as to whether this interaction
between minor alkaloids and nicotine results from increased reinforcement.
Relatedly, acute systemic treatment with anabasine (20 µg/kg), but not anatabine,
nornicotine, myosmine, harman, and norharman, increased the number of nicotine
infusions (30 µg/kg/infusion) earned by periadolescent female rats (Hall et al.
2014). However, larger doses of anabasine, anatabine, and nornicotine, when
administered systemically prior to nicotine self-administration sessions, suppress
the number of infusions (Mello et al. 2014; Caine et al. 2014; Hall et al. 2014).
Although results are limited and mixed, studies like these emphasize the need for
increased attention to the interaction between nicotine and other alkaloids that
might naturally be consumed along with nicotine.

An alternative approach to examining whether the additional compounds in
cigarettes contribute to the reinforcing properties of nicotine in cigarettes is to
evaluate self-administration of an extract produced from tobacco or smoke.
Recently, Costello et al. (2014) compared self-administration of an aqueous extract
of cigarette smoke to that of pure nicotine in adult male rats. At low concentrations
of nicotine (3.75 and 7.5 μg/kg/infusion), self-administration was enhanced by the
other components in the extract, but self-administration was not different at the
highest dose of nicotine tested (15 μg/kg/infusion). While one interpretation of their
data is that the other non-nicotine components in their extract enhanced the rein-
forcing properties of nicotine, it may instead be that these other chemicals in the
extract are themselves reinforcing since there was no test of self-administration of a
denicotinized extract. Still, self-administration of nicotine in the extract was
attenuated by a nicotinic receptor antagonist, suggesting that effects on the nAChR
were important for producing the increase in self-administration.

Recently, significant attention has focused on the potential role of MAO inhibition
on nicotine reinforcement. This attention derives from clinical studies demonstrating

30 L.E. Rupprecht et al.



that bothMAOA andMAOB are 30–40% inhibited in the brains of smokers relative
to non-smokers (Berlin et al. 1995; Fowler et al. 1996a, 1996b). Precisely which
constituents account for this level of inhibition is unknown. The β-carbolines, har-
man and norharman, may contribute to both the inhibition of MAO and the impact on
nicotine reinforcement. In a study of the impact of monoamine oxidase (MAO)
inhibition on nicotine self-administration, norharman was given chronically to inhibit
MAO, resulting in a potentiation of self-administration (Guillem et al. 2005).
However, the dose of norharman was substantially higher than that actually delivered
in tobacco smoke. Since the constituents in cigarette smoke that lead to MAO
inhibition are unknown, several studies in rats have attempted to understand the
impact of MAO inhibition on nicotine reinforcement using known MAO inhibitors
that are not present in tobacco smoke. Using drugs such as tranylcypromine and
phenylzine to inhibit MAO, studies have consistently shown increased self-admin-
istration of nicotine, especially at low doses of nicotine (Smith et al. 2014a; Villegier
et al. 2007a, b). Three points are worth making here. First, large doses of drugs that
inhibit MAO appear to increase the reinforcing properties of nicotine (Smith et al.
2014a; Villegier et al. 2007a, b). Second, the interpretation of these data is compli-
cated by the possibility that the effects produced by large doses of MAO inhibitors
may be due, at least in part, to actions of these drugs other than MAO inhibition
(Loftipour et al. 2011; Villegier et al. 2007a, b). Third, studies published to date have
not examined partial inhibition, as seen in smokers.

As the preceding paragraphs make clear, studying which constituents in addition
to nicotine that might impact reinforcement may provide important insight into how
nicotine, in the form of tobacco products, reinforces behavior. This work is still in
its infancy and the challenge of untangling the role of other constituents can be
daunting; namely, it is not clear what constituents should demand experimental
focus and how to best model the potential interactions between constituents.
However, it is also important to recognize that in the absence of nicotine, these data
show these other constituents (in the levels found in tobacco products) are not
reinforcing. This observation affirms the conclusions reached over the last several
decades that nicotine is the primary addictive substance in tobacco. Hence, these
other constituents are still best viewed as potential moderators of the effects of
nicotine; they do not appear to be sufficient for maintaining tobacco-use behavior.

3 Primary Reinforcing Actions of Nicotine

As described up to this point, rats will self-administer nicotine in operant protocols.
However, these are typically cued protocols that do not distinguish among primary
reinforcement, reinforcement enhancement (discussed below), and the associative
processes that may then result over repeated experimental sessions. If there were no
external cues that were associated with nicotine delivery, then only the primary
reinforcing action of nicotine would be present to support self-administration
behavior. The few studies that have examined nicotine without additional
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associative cues provide support for nicotine acting as a primary reinforcer
(Chaudhri et al. 2007; Donny et al. 2003; Palmatier et al. 2006; Sorge et al. 2009).
For example, Sorge et al. (2009) allowed rats to acquire nicotine self-administration
(15 µg/kg/infusion; infusions delivered over 30 s). Though few infusions were
earned across the sessions and rats acquired very slowly, acquisition criterion was
met without additional cues to support behavior (Sorge et al. 2009). However, the
dose range that supports self-administration is narrow, relatively few infusions are
earned, and the rate of behavior does not increase in proportion to changes in the
schedule of reinforcement (Caggiula et al. 2002a; Chaudhri et al. 2005, 2007;
Donny et al. 2003). Certainly, the bulk of the reinforcing actions of nicotine in
typical self-administration procedures cannot be explained as primary reinforce-
ment alone. The next section will begin to dissect the role of environmental cues
and their importance for maintaining smoking behavior.

4 Associative Learning and the Influence of Stimuli
Predicting the Effects of Nicotine

As a consequence of the relatively weak reinforcing effects of nicotine alone, most self-
administration procedures use cues paired with nicotine delivery. The use of cues is not
an inherent flaw in the rodent model of human smoking, as all nicotine self-adminis-
tration in humans is cued in some way. These environmental stimuli can function in
multiple roles including as conditioned stimuli that trigger conditioned responses (CRs),
conditioned reinforcers, and discriminative stimuli (see chapter entitledNeurobiological
Bases of Cue- and Nicotine-induced Reinstatement of Nicotine Seeking: Implications
for the Development of Smoking Cessation Medications; this volume).

4.1 Conditioned Responses to Nicotine-Associated Stimuli

As a result of Pavlovian conditioning, stimuli paired with nicotine can elicit CRs
(Pavlov 1927). A typical Pavlovian conditioning preparation involves an existing
reflexive relationship between a stimulus (unconditioned stimulus, US) and
response (unconditioned response, UR). In this case, nicotine (US) results in a wide
range of behavioral and physiological changes (UR). Then, an originally neutral
stimulus is paired with the presentation of nicotine. Following one or more pairings,
the originally neutral stimulus elicits a CR in the absence of the US and is now
called a CS. In this case, any environmental stimulus that is consistently predictive
of nicotine may come to serve as a CS and elicit a CR. In an operant procedure, the
CS might be a light or a tone paired with nicotine delivery (provided the cue does
not initially by itself elicit the response). In the context of cigarette smoking, the
look or feel of a cigarette, the taste of tobacco, lighters, the cigarette pack, the
smoking corner outside of the office, the effects of alcohol, certain friend groups,
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etc., might all function to elicit CRs, even in the absence of subsequent nicotine
delivery, because they have previously been repeatedly paired with nicotine.

Evidence that stimuli associated with nicotine can elicit a CR come from a wealth
of both animal and human literatures suggesting that smoking stimuli increase
craving or desire to smoke cigarettes (Conklin and Tiffany 2002b; Lazev et al. 1999;
Wertz and Sayette 2001). This craving is often considered to be a CR that results
from the pairing of these stimuli with nicotine delivery (Conklin and Tiffany 2002a).
Evidence from our laboratory has shown that tolerance to the antinociceptive and
corticosterone (CORT) elevating effects of nicotine can be abolished if nicotine is
delivered in a novel context (Caggiula et al. 2002b). These data suggest that the
tolerance that develops is a result of a CR to the environmental stimuli that reliably
predict nicotine delivery. When these environmental stimuli are absent, there is no
CR and nicotine has the same effect as the first administration. This study highlights
an important issue: While a CR is often similar to the UR, it can sometimes be in the
opposite direction, called a compensatory CR (Siegel 1988). In this example, nicotine
(US) results in antinociceptive and CORT elevation (UR). The stimuli (CS) that are
paired with nicotine (US) may result in a CR opposite of that effect, so that nicotine
delivery produces a smaller change than it would have acutely.

Nicotine-associated stimuli result in CRs that increase the likelihood of engaging
in smoking behavior both while nicotine is being actively self-administered and as a
trigger to reinitiate nicotine seeking. In relation to the former, it is well accepted that
the presentation of cues paired with reward results in increased responding for the
reward, even if they were never presented contingent upon the response (Rescorla
and Solomon 1967), a phenomenon known as Pavlovian to instrumental transfer
(see chapter entitled A Hierarchical Instrumental Decision Theory of Nicotine
Dependence; volume 23). This phenomenon has received relatively little attention
in animal models of nicotine self-administration, but would suggest that the mere
presence of CS might facilitate both nicotine taking and other forms of reinforced
behavior. The more common conceptualization of how CS influence nicotine
seeking occurs during abstinence or following extinction when the CS trigger a
motivational state or action schema that can lead to the experience of craving
(Berridge and Robinson 2003; Tiffany, 1990). Indeed, cue-elicited craving is reli-
ably linked to smoking in abstinent individuals (Sayette and Tiffany 2013),
although this effect is not clear when assessed in non-abstinent smokers (Perkins
2009). Hence, CS can elicit a wide range of CRs including responses that may
impact the probability or intensity of nicotine-seeking behavior.

4.2 Nicotine-Associated Stimuli as Conditioned Reinforcers

Because smoking stimuli have been paired with nicotine, and nicotine functions as
an unconditioned (i.e., primary) reinforcer, these cues can come to reinforce
behavior on their own (i.e., become conditioned reinforcers). In a stringent test of
this effect, rats with a history self-administering nicotine paired with a CS learned to
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perform a novel response that was only reinforced by the CS (Palmatier et al. 2007).
Likewise, rodent self-administration research has demonstrated that the continued
delivery of cues after nicotine has been removed will maintain responding, and this
rate of behavior is higher than if cues are also removed (Markou and Paterson
2009). Clinical research confirms that, over the course of a week or so, smokers will
continue to smoke low-nicotine-content cigarettes (Donny et al. 2007; Donny and
Jones 2009), with moderate to no decrease in smoking behavior. Furthermore,
denicotinized cigarettes have been shown to substitute for nicotine-containing
cigarettes better than nicotine gum (Johnson et al. 2004), and the delivery of
smoking stimuli has been shown to increase ratings of liking and satisfaction better
than (iv) nicotine (Rose et al. 2000). These data clearly indicate that these cues
associated with nicotine can reinforce behavior.

Likewise, clinical experimental studies show that individuals who try to refrain
from smoking are significantly more likely to lapse regardless of the nicotine content
of those cigarette; even cigarettes with very little nicotine increased the probability of
relapse compared to not smoking (Juliano et al. 2006). These data indicate that
interacting with smoking stimuli may precipitate smoking behavior during absti-
nence. The presentation of nicotine-associated cues has also been shown to increase
previously extinguished self-administration behavior in experimental animals in a
phenomenon known as cue-induced reinstatement (LeSage et al. 2004). Cue-induced
reinstatement is very robust; indeed, the magnitude of reinstatement is greater when it
is induced by cue presentation than by nicotine (LeSage et al. 2004). Upon cessation
of nicotine use, cues should eventually undergo extinction as they no longer reliably
predict nicotine delivery (Caggiula et al. 2001; Cohen et al. 2005; Liu et al. 2007,
2008, 2010). However, extinction is context dependent (Wing and Shoaib 2008;
Bouton 2011), so extinction learning would need to occur in multiple contexts before
cues would be fully extinguished, a potentially lengthy process.

4.3 Nicotine-Associated Contexts as Discriminative Stimuli

Smoking cues and contexts can also serve as discriminative stimuli, which tend to
be broader contextual stimuli, signaling when behavior will result in reinforcement.
In a typical discrimination preparation, individuals learn that a behavior will result
in reinforcement in the presence of one stimulus and will not result in reinforcement
in the absence of that stimulus (Skinner 1953). For learning to take place, the
probability of reinforcement in the presence of the stimulus must be greater than the
probability of reinforcement when the stimulus is absent. In self-administration
paradigms, rodents undoubtedly learn that the operant chamber signals the avail-
ability of nicotine, although rodents unavoidably spend some time in the chamber
when nicotine is not available (right before the session is started, right after the
session ends, during time out periods post-infusion when the drug may no longer be
available). Some researchers use other stimuli (cue lights, house lights, tones) to
signal the start of the session or to signal “time in” (Belluzzi et al. 2005;
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Grebenstein et al. 2013; Hall et al. 2014). The presence of these stimuli will
increase the likelihood of engaging in the reinforced response. This issue is con-
sidered in more detail elsewhere in the book.

These contextual stimuli make conducting human laboratory smoking research
difficult because smoking behavior has not been previously reinforced in the lab-
oratory context and conclusions drawn from studies conducted in laboratory
environments may not extend to the natural environment. In two studies, smokers
were asked to smoke cigarettes with very low nicotine contents. In a study con-
ducted in an in-patient hospital unit, there was a decrease in smoking behavior
when smokers switched to these low-nicotine cigarettes (Donny et al. 2007).
However, smoking behavior did not change when a similar study was conducted in
the natural environment (Donny and Jones 2009). These data parallel the work by
Wing and Shoaib (2008) in which extinction was shown to proceed more quickly in
a novel environment not associated with previous nicotine self-administration. It
may have been easier for smokers to learn that smoking no longer resulted in
nicotine delivery in a completely novel context than the natural environment in
which smoking behavior had a long history of being reinforced across many
contexts (Conklin 2010; Wray et al. 2011).

4.4 Individual Differences in Associative Learning Effects

There is likely a large degree of variability in the degree to which these cues are
involved in smoking behavior between individuals. One theory posits that all
individuals learn about cues in their environment, but there is variability in the
degree to which these cues are “wanted” (Robinson and Berridge 2000; Robinson
et al. 2014). In rodent models, animals that show attraction toward cues have higher
break points for cocaine on progressive ratio schedules (generally considered to be
an indicator of motivation to obtain drug) (Saunders and Robinson 2011), the
development of cocaine-paired CPP (Meyer et al. 2011), greater cocaine sensiti-
zation upon repeat treatment (Flagel et al. 2008), and greater cue-induced rein-
statement (Yager and Robinson 2010). Future research may provide important
insight into the variability observed in nicotine self-administration and the role of
cues following nicotine reduction. Sex may be another determinant of cue effects.
On average, women are more likely to be affected by smoking cues than men, who
may be more directly influenced by nicotine (Perkins 2009; Perkins et al. 2002).
However, preclinical work does not support this idea. One study evaluated cue-
induced and nicotine-primed reinstatement in male and female rats (Feltenstein
et al. 2012). There were no sex- or estrous cycle-dependent differences between
male and female rats. Still, expanding this line of research is important for cessa-
tion, where women may have less success with nicotine replacement therapy
because smoking stimuli are more critical in the maintenance of smoking behavior
(Perkins et al. 2002).
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5 Associative Learning and the Influence of Nicotine
as a Predictor of Other Reinforcers

A very different line of research investigates the role of nicotine as a cue for other
stimuli. For example, rats can learn to respond on one lever for food if they have
received an injection of nicotine and respond on another lever if they received a
saline injection (Stolerman 1989). In these experiments, nicotine signals that one
behavior will be reinforced and another will not. Relatedly, humans can learn to
engage in one response if they receive nicotine nasal spray and another response if
they receive saline spray (Perkins et al. 1994). Researchers have extended this
finding to show that nicotine, when paired with a reinforcer, even when it is not
contingent upon behavior, can increase the rate of behavior directed at the location
of reinforcer delivery (i.e., goal tracking; Besheer et al. 2004).

The role of nicotine as a predictor of other reinforcers in acquiring or main-
taining smoking behavior is unclear. However, nicotine delivery is paired with
many reinforcing stimuli in the natural environment, and nicotine may function as a
CS and a conditioned reinforcer, through this pairing. For example, an adolescent
who receives peer acceptance when engaging in smoking behavior may experience
nicotine as a conditioned reinforcer because of this repeated pairing over time (i.e.,
nicotine predicts peer acceptance). It is difficult to show experimentally that nico-
tine can acquire additional reinforcing value through this association because nic-
otine has existing primary reinforcing value. However, research has shown that
pairing diazepam, an anxiolytic, with money can result in a preference for diaze-
pam, highlighting the ability of drugs to acquire reinforcing value through pairing
with other reinforcers (Alessi et al. 2002). Nicotine may also come to elicit CRs as a
result of pairing with other drugs of abuse, although there is no existing research in
this area. Drugs such as alcohol, marijuana, and caffeine are frequently co-used with
nicotine. Smokers who have a cigarette with their morning coffee may associate
nicotine with coffee and enjoy cigarettes even on mornings when they choose
decaffeinated coffee.

6 Reinforcement-Enhancing Effects of Nicotine

The primary reinforcing effects of nicotine and the consequent associative and con-
ditioned reinforcing properties of nicotine are important in driving smoking behavior,
but additional non-associative effects of nicotine on reinforced behavior may be
equally important. Nicotine potentiates the reinforcing properties of other rewards.
This latter effect occurs independent of any predictive relationship between nicotine
and either the other stimulus or the target behavior (Caggiula et al. 2009).

In the first study to describe the effect of nicotine on responding maintained by
other stimuli in the environment, male adult rats were allowed to respond for
nicotine, saline, and/or a VS (VS; the 1-s onset of a cue light above the active lever
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and the 60-s offset of the chamber light) in a between groups design (Donny et al.
2003). Response-contingent nicotine, by itself, results in very low rates of
responding and, in some cases, failed to support self-administration. Interestingly,
responding for the VS, which has been used previously as a drug cue (Corrigall and
Coen 1989; Donny et al. 1995), supported behavior even in the absence of nicotine,
suggesting the VS functioned as an unconditioned reinforcer. This finding is con-
sistent with data describing that sensory stimuli can function as reinforcers (Fowler
1971, Harrington 1963). Importantly, pairing nicotine with the VS produced a
synergistic, not just additive, effect on behavior. Responding was more than twice
the sum of response rates produced either by nicotine alone or the VS alone. This is
consistent with previous studies demonstrating the importance of environmental
cues in nicotine self-administration (Caggiula et al. 2001, 2002a, b; Cohen et al.
2005), but also raised questions about the nature of the relationship between nic-
otine and the VS. The synergistic effects seemed disproportional with the rein-
forcing properties of the two stimuli. However, this study included a critical control
condition that provided a potential answer to these questions. In this group, animals
were allowed to respond for the VS while receiving infusions of nicotine that were
controlled by (yoked to) another animal. Remarkably, there were no differences in
responding for the VS during acquisition between the contingent and non-contin-
gent nicotine conditions. Both contingent and non-contingent infusions of nicotine
resulted in the synergistic enhancement of responding for a VS compared to
responding for the VS with saline infusion (Donny et al. 2003). Therefore, the
increase in responding by the pairing of nicotine with the VS could not be explained
by the VS functioning as a CS.

Enhancement of the reinforcement by nicotine is entirely consistent with
extensive data on the effects of nicotine, and other drugs of abuse, on intracranial
self-stimulation (ICSS) and CPP. In ICSS studies, a stimulating electrode is typi-
cally placed in the posterior lateral hypothalamus and rats respond for brain stim-
ulation reward. Systemic (Harrison 2002) and self-administered (Kenny and
Markou 2006) nicotine lower the threshold for ICSS, indicating that nicotine
enhances the rewarding properties of brain stimulation. Likewise, early studies
demonstrated that psychostimulants enhance responding for conditioned stimuli
(Beninger 1980; Robbins and Koob 1978). Although these studies were never
extended to nicotine, they highlight that these effects are not unique to nicotine, an
observation we have also made (Chaudhri et al. 2006b).

6.1 Reinforcement-Enhancing Effects of Nicotine Occur
Across Routes of Administration

It is possible that the pattern of nicotine delivery may affect responding for the VS.
In particular, yoked infusions of nicotine might result in intermittent unintentional
pairings between nicotine and responding for the VS, leading to an associative
relationship. To test whether the observed enhancement was due to spurious

Behavioral Mechanisms Underlying Nicotine Reinforcement 37



associations, responding for the VS was tested in rats receiving either rapid non-
contingent infusions independent of responding for the VS, a constant nicotine
infusion over the 1-h period, or contingent nicotine infusion (Donny et al. 2003).
Despite the varied patterns of nicotine delivery, all rats had similar elevated levels
of responding for VS presentations compared to saline. Similarly, systemic injec-
tion of nicotine administered before the session and even acute treatment with
osmotic minipumps enhances responding for VS presentations. These data support
the hypothesis that nicotine can directly enhance behavior maintained by uncon-
ditioned non-pharmacological reinforcers and that the enhancement is not depen-
dent on a discrete temporal relationship with the stimulus or the behavior.
Importantly, replacing nicotine with saline resulted in an immediate reduction in
responding to levels similar to controls. Furthermore, reinstating nicotine to con-
tingent and non-contingent groups immediately increased responding to pre-
extinction levels (Chaudhri et al. 2007; Donny et al. 2003; Palmatier et al. 2007).
These basic observations have now been replicated many times across a range of
doses, routes of administration, schedules of reinforcement, and reinforcing stimuli,
including conditioned reinforcers (Chaudhri et al. 2005, 2006a; Donny et al. 1999;
Palmatier et al. 2006).

To further examine the relative contribution of the primary reinforcing and the
reinforcement enhancement properties of nicotine, we utilized a paradigm in which
rats had the option to respond for nicotine and the VS independently (Palmatier
et al. 2006). The primary group of interest pressed one active lever for the pre-
sentation of the VS and another lever for infusions of nicotine. A separate group of
rats (nicotine + VS) had standard self-administration operanda: One active lever
controlled both the presentation of the VS and nicotine infusion. Control groups
received either nicotine infusions (nicotine only) or VS presentations (VS only)
contingent upon behavior on the active lever (the other lever was inactive). Nicotine
alone and VS alone maintained relatively moderate levels of behavior and access to
both reinforcers on one lever resulted in synergistic enhancement of responding, as
we had previously reported. Surprisingly, when rats had access to each reinforcer
on a separate lever, responding on the nicotine lever was low, about equivalent level
to that of the nicotine only group. However, responding for the VS lever was
enhanced by the same magnitude as the nicotine + VS group. Additional studies
from our laboratory have demonstrated that the metabotropic glutamate five
receptor antagonist MTEP can suppress responding for nicotine alone, with no
effect on the reinforcement-enhancing properties of nicotine, indicating that the
primary and enhancing reinforcement properties of nicotine can be pharmacologi-
cally dissociated (Palmatier et al. 2008). To our knowledge, there are no data
indicating what neural mechanism(s) may be responsible for the reinforcing
enhancement properties of nicotine. These collective studies indicate that the
reinforcement-enhancing properties of nicotine are potent even when only a small
amount of the drug is administered that the effects are behaviorally and pharma-
cologically dissociable and that the high rates of self-administration observed in the
paired group is likely due to the reinforcement-enhancing effects of nicotine
(Palmatier et al. 2006, 2008).
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Additional studies by Chaudhri et al. (2006a) demonstrated that in rats that
acquired self-administration across a range of nicotine doses in the absence of a
pairing with a non-pharmacological stimulus, the addition of the VS resulted in an
immediate and robust increase in responding. These results are important because
they (1) replicate the observation that rats will acquire responding for nicotine self-
administration without coincident non-pharmacological stimuli, but that this effect
depends on larger doses of nicotine, and (2) demonstrate that the effect of the
addition of the VS was most prominent at low doses of nicotine.

Taken together, these studies emphasize why responding for nicotine infusions is
so robust in the presence of a non-drug stimulus: It is not the nicotine per se but the
synergistic interaction between nicotine and non-pharmacological stimuli that
produces a significant increase in behavior. Environmental stimuli with reinforcing
value paired with nicotine increase the rate of acquisition of nicotine self-admin-
istration and the rate of maintained self-administered behavior independent of the
route and speed of nicotine delivery (Caggiula et al. 2009; Chaudhri et al. 2006a).

6.2 Reinforcement-Enhancing Effects of Nicotine Occur
Across Age and Sex

Until recently, the majority of research on the reinforcement-enhancing effects of
nicotine has been conducted in adult male rats. However, the enhancing effects have
been demonstrated in adolescent male rats as well. Work from our laboratory
assessed whether responding for the VS was enhanced by exposure to nicotine in
adolescent (postnatal day 29–42), male rats (Weaver et al. 2012). Like adults,
adolescent rats responded for presentations of the VS and subcutaneous (sc) nic-
otine just prior to the session increased responding for the VS. The effect was
qualitatively similar to that observed in adults at the dose tested. Similarly, ado-
lescent male rats (P39–40) tested in a CPP procedure using social reward (i.e., a
“playmate”) found that nicotine increased the amount of time spent on the side of
the chamber paired with a social playmate (Theil et al. 2009). To date, potential
developmental differences in the reinforcement-enhancing effects of nicotine have
not been thoroughly examined.

Another important question given that female rats acquire nicotine self-admin-
istration more quickly and reach higher break points on a PR schedule when nicotine
is paired with the VS (Donny et al. 2000; Lanza et al. 2004) is whether there are sex
differences in the reinforcement-enhancing effects of nicotine. To our knowledge,
this question has not been directly addressed. Studies suggest, however, that there
are sex differences in self-administration of both nicotine alone and in combination
with the VS. In a study by Chaudhri et al. (2005), animals first acquired responding
for contingent nicotine infusions without additional non-pharmacological stimuli.
Females earned more infusions of moderate to large (60–120 µg/kg) doses of
nicotine than males. Then, the VS was added with active lever presses resulting
in delivery of both the nicotine infusion and the VS. The addition of VS caused
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a doubling in responding in both sexes when animals were self-administering 30 or
60 µg/kg/infusion (Chaudhri et al. 2005). A separate group of male and female rats
were allowed to respond for VS presentations without a nicotine infusion and
confirmed that the VS functioned as a primary reinforcer in females as well as males,
suggesting the potentiation in self-administration may have been driven by the
reinforcement-enhancing effects of nicotine in both sexes.

6.3 Reinforcement-Enhancing Effects of Nicotine Occur
in Humans

The ability of nicotine to enhance reinforcement for other stimuli is well established
in the rodent model, but whether reinforcement enhancement is important in human
smokers has received less attention. Studies to date, however, are consistent with
the animal literature. Smoking increased ratings of attractiveness (Attwood et al.
2009) and reported feelings of happiness during happy films (Dawkins et al. 2007).
Likewise, transdermal nicotine increases the response bias toward a rewarded
stimulus (Barr et al. 2008). Furthermore, abstinence from smoking reduces the
blood-oxygen-level-dependent response to monetary rewards in the caudate.
Finally, in the most direct study of reinforcement-enhancing effects in humans,
Perkins and Karelitz evaluated the ability of nicotine to enhance operant responding
for a variety of rewards in smokers (Perkins and Karelitz 2013a). Participants were
dependent and non-dependent smokers that were deprived of nicotine at the start of
the study and asked to respond on a PR schedule adapted for human subjects for a
designated music reward. Smoking was able to enhance responding for high
preference music, as compared to no smoking and smoking at low levels that are
subthreshold for enhancement (Perkins and Karelitz 2013a). The implications of
these results are discussed in detail below, but they provide clear evidence that
nicotine enhances reinforcement in humans.

6.4 Enhancement is Moderated by the Type and Nature
of the Reinforcer

If a stimulus has little or no reinforcing value (i.e., neutral), nicotine should have no
effect on enhancing the rewarding properties of that stimulus unless it gains condi-
tioned reinforcing value (as discussed above). In a study designed to test this
hypothesis, we compared the effects of systemic non-contingent injections on two
sensory stimuli that differed in their unconditioned reinforcing effects. During ses-
sions of acquired stable behavior, rats responded significantly more for a houselight-
off stimulus (5-s extinction of the houselight paired with an 83-dB tone) than a lever
light-on stimulus (5-s onset of a stimulus light above the active lever paired with an
83-dB tone), indicating that the houselight-off stimulus has higher incentive value.
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Saline injections had no effect on behavior. Nicotine caused an increase in
responding for the houselight-off stimulus, but with no effect on the lever light-off
stimulus. These results support the notion that nicotine has the ability to non-asso-
ciatively enhance responding only for stimuli with reinforcing value.

More recent studies have further confirmed our hypothesis that the magnitude of
the nicotine-induced enhancement is modulated by the strength of the reinforcer. The
quantitative relationship between the enhancing effects of nicotine and the incentive
value of the reward was tested using rats responding on a PR schedule of rein-
forcement for the delivery of liquid sucrose (0, 5, 20, and 60%; Palmatier et al. 2012).
Systemic, non-contingent injection of nicotine enhanced the responding for sucrose
reward. The break point reached (final number of responses required for reward
delivery) was potentiated by nicotine, with the magnitude of enhancement increasing
with increasing sucrose concentration. These results are particularly interesting, as
they raise the possibility that the reward enhancement effects of nicotine may
override other pharmacological actions of nicotine, as nicotine is known to be a
potent appetite suppressant. In fact, when the sucrose solutions (2.5, 5, and 10 %)
were available on a reinforcement schedule that demanded low responding rates for
each reward delivery (FR 3), nicotine reduced responding. As has been previously
suggested, the effects of nicotine may dependent on the schedule of reinforcement
because nicotine has multiple actions on food reinforcement; nicotine may enhance
satiety when food is relatively freely available and enhance the reinforcing efficacy of
food when it is relatively restricted (Donny et al. 2011).

Work from our laboratory has also established that nicotine has the ability to
enhance responding for conditioned reinforcers. Work by Chaudhri et al. 2006a, b
used a light-tone stimulus as a CS predictive of sucrose pellet delivery. Both
contingent and non-contingent delivery of nicotine enhanced responding for a light-
tone stimulus when it had been previously paired with sucrose, but not if the
stimulus was not predictive of sucrose. Extending this work to a nicotine-associated
CS, Palmatier et al. (2007) trained animals to lever press for nicotine paired with as
unconditioned light stimulus. Animals were then allowed to nosepoke for the CS
alone and demonstrated the predicted conditioned reinforcing effects (as described
above). Interestingly, non-contingent delivery of nicotine further increased the rate
of responding for the CS (Palmatier et al. 2007), confirming that non-contingent
nicotine can enhance responding that is maintained solely by a nicotine-associated
conditioned reinforcer.

Work investigating the ability of nicotine to enhance reward in humans has
found similar results. One study tested whether smoking enhanced responding for
music reward on a PR schedule (Perkins and Karelitz 2013a). Participants were
instructed to bring a pack of their own cigarettes and a music album of their choice.
Different music was designated as high, moderate, or low reward based on the
participants own rating of the music on a 0–100 visual analog scale (VAS). Par-
ticipants completed three 2-h sessions, each after overnight abstinence, with dif-
ferent levels of smoking prior to assessing responding to hear different segments of
music. As our hypothesis would predict, smoking enhanced responding and this
was only observed when music was preferred (Perkins and Karelitz 2013a).
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Minimal (couple puffs) or no smoking had no effect on behavior. Hence, the effect
of nicotine on reinforced behavior in humans depends both on the level of smoke
exposure and the degree to which the reward is preferred.

Furthermore, in a separate study investigating that ability of nicotine to enhance
responding for reward in humans, smoking after abstinence was able to enhance
responding for a preferred music reward, but not for monetary reward (Perkins and
Karelitz 2013b). These data suggest that the reinforcement-enhancing effects of
nicotine differ depending on reinforcer type (e.g., more apparent with “sensory”
reinforcers). However, it is possible that the small monetary rewards (participants
earned an average of about $1.20 in a 2-h session) were effectively neutral and thus
not able to be enhanced by nicotine.

Together, these studies provide evidence that the reinforcement-enhancing
effects of nicotine are dependent upon the reinforcer being presented (Barret and
Bevins 2013; Palmatier 2012; Perkins and Karelitz 2013b). Neutral or mild rein-
forcers as less likely to be impacted by nicotine unless the value of those reinforcers
is increased as a consequence of being paired with another reinforcer. In addition,
some reinforcers may be more prone to the reinforcement-enhancing effects of
nicotine or be masked by other effects of nicotine in some conditions, for example,
“sensory” reinforcers and food, respectively.

6.5 Implications of the Reinforcement-Enhancing Effect
of Nicotine for Tobacco and Other Nicotine-containing
Products

In comparison with the primary reinforcing actions of nicotine, the reinforcement
enhancement actions of nicotine are seen with lower doses and drug delivery that is
not temporally tied to behavior. Thus, for example, patch delivery of nicotine might
enhance other reinforcers (and may contribute to its efficacy as a smoking cessation
aid) but is unlikely to have primary reinforcing actions (Barr et al. 2008). Similarly,
new tobacco products that provide nicotine delivery that is neither rapid nor discrete
will likely favor the reinforcement enhancement actions of nicotine as opposed to
the primary reinforcing actions. E-cigarettes, for example, are perceived favorably
by young adults, especially when appealing flavorants are added to the product
(Choi et al. 2012). Given the ability of nicotine to enhance responding for sucrose
reward (Barret and Bevins 2013; Palmatier et al. 2012; Schassburger et al. 2013), it
is possible that nicotine by “vaping” an e-cigarette might enhance the reinforcing
properties of the flavorant within that e-cigarette.

Conversely, understanding the potentially different neuropharmacological
mechanisms underlying the primary reinforcing and the reinforcement-enhancing
actions of nicotine may impact the development of smoking cessation pharmaco-
therapies. Interestingly, both bupropion (Caggiula et al. 2009) and varenicline
(Levin et al. 2012), both FDA-approved prescription pharmacotherapies for the
treatment of smoking cessation, can substitute for the reinforcement-enhancing
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effects of nicotine, which may partially underlie their efficacy as pharmacotherapies.
To test the ability of bupropion to enhance the reinforcing valence of VS presen-
tations, nicotine or bupropion was systemically administered across sessions
(Palmatier et al. 2009). Both nicotine and bupropion increased responding for VS
presentations. As expected, the nicotine enhancement was abolished by the
administration of mecamylamine, a non-selective nicotinic antagonist. Mecamyl-
amine had no effect on the enhancement caused by buproprion; the bupropion-
induced enhancement was blocked by the administration of an alpha adrenergic
receptor antagonist, indicating that the reinforcement-enhancing effects of these
drugs are pharmacologically dissociable. Levin et al. (2012) tested the effects of
systemic administration of varenicline, a partial nicotinic agonist, on responding for
VS presentations with and without co-administration with nicotine (Levin et al.
2012). Varenicline dose dependently increased VS presentations earned, as well as
suppressed nicotine-induced enhancement. As current over-the-counter nicotine
replacement therapies are largely ineffective tools in supporting smoking cessation
(Kotz et al. 2014), it might be more beneficial to target the development of new
medications at the reinforcement-enhancing actions of nicotine, as that seems to be
a primary mechanism for nicotine self-administration.

7 Summary and Conclusions

Nicotine reinforcement is remarkably complex and requires understanding of both
associative and non-associative mechanisms well beyond the primary reinforcing
effects of the drug itself. From an associative perspective, environmental stimuli
that predict nicotine delivery can become conditioned stimuli eliciting CRs that
increase the probability of smoking. They will also become conditioned reinforcers
through their pairing with nicotine, an unconditioned reinforcer, and will reinforce
smoking behavior on their own. Contextual stimuli can become discriminative
stimuli, increasing the probability of engaging in smoking behavior. Nicotine can
also enter into associative relationships through its pairing with other reinforcing
stimuli in the environment and consequently function as a CS or as a conditioned
reinforcer, both of which may increase the likelihood of engaging in smoking
behavior.

From a non-associative perspective, nicotine, like other psychostimulants, can
directly impact reinforcement from other stimuli in the environment. This effect is
particularly robust with nicotine and has been emphasized in the “dual-reinforce-
ment” model, which posits that nicotine maintains self-administration behavior as a
primary reinforcer and a reinforcement enhancer (Caggiula et al. 2009; Donny et al.
2003). The reinforcement-enhancing properties of nicotine have been observed in
experimental animals across age and sex, and, more recently, confirmed to impact
behavior in humans. Responding for both unconditioned reinforcers (sensory
stimuli, food reward) and conditioned reinforcers (nicotine and non-nicotine rela-
ted) can be enhanced by nicotine. The magnitude of the enhancement is dependent
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on the magnitude of the reinforcer and potentially the type of reinforcer and con-
ditions under which it is available.

In sum, self-administration of nicotine in humans and the rodent model is sus-
tained by three main actions: (1) nicotine acts as a relatively weak primary rein-
forcer; (2) nicotine can establish conditioned reinforcers in the environment through
associative processes; and (3) nicotine can potentiate the incentive valence of other
stimuli with reinforcing value. Other actions may also be important (e.g., nicotine
as a CS), but future studies will be needed to confirm these effects. These studies
confirm that nicotine is the key psychoactive determinant of tobacco product use;
however, it is much more insidious than might be expected. Thus, understanding
how nicotine acts to maintain behavior is still at the heart of reducing the burden of
tobacco dependence.
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The Role of Mesoaccumbens Dopamine
in Nicotine Dependence

David J.K. Balfour

Abstract There is abundant evidence that the dopamine (DA) neurons that project
to the nucleus accumbens play a central role in neurobiological mechanisms
underpinning drug dependence. This chapter considers the ways in which these
projections facilitate the addiction to nicotine and tobacco. It focuses on the com-
plimentary roles of the two principal subdivisions of the nucleus accumbens, the
accumbal core and shell, in the acquisition and maintenance of nicotine-seeking
behavior. The ways in which tonic and phasic firing of the neurons contributes to the
ways in which the accumbens mediate the behavioral responses to nicotine are also
considered. Experimental studies suggest that nicotine has relatively weak addictive
properties which are insufficient to explain the powerful addictive properties of
tobacco smoke. This chapter discusses hypotheses that seek to explain this conun-
drum. They implicate both discrete sensory stimuli closely paired with the delivery
of tobacco smoke and contextual stimuli habitually associated with the delivery of
the drug. The mechanisms by which each type of stimulus influence tobacco
dependence are hypothesized to depend upon the increased DA release and over-
flow, respectively, in the two subdivisions of the accumbens. It is suggested that a
majority of pharmacotherapies for tobacco dependence are not more successful
because they fail to address this important aspect of the dependence.
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1 General Introduction

For the last 20 years or so it has been an axiom of research in the field of drug
dependence that most, if not all, addictive drugs stimulate dopamine (DA) release in
the limbic areas of the forebrain, especially the nucleus accumbens and that this
property of the drugs plays a central role in their ability to cause dependence
(Dackis and Gold 1985; Di Chiara 1999; Di Chiara and Imperato 1988; Gold and
Dackis 1984; Wise 1987; Wise and Bozarth 1987). Early theories suggested that
increased DA release in the nucleus accumbens mediated the powerful rewarding or
euphoriant properties of the drugs and that this underpinned the development of
compulsive drug-seeking and drug-taking behaviors (Wise 1988a, b, 1996; Wise
and Bozarth 1985). The most recent work, however, suggests that the DA pro-
jections to the forebrain play a more complex role in drug dependence (Balfour
2009; Di Chiara and Bassareo 2007; Volkow et al. 2011; Willuhn et al. 2010).

Self-administration experiments have long been seen as the gold standard for
exploring neurobiological mechanisms that mediate the reinforcing or rewarding
properties of addictive drugs (see chapter entitled Behavioral Mechanisms
Underlying Nicotine Reinforcement; this volume). Studies using this model of
reinforcement have shown that selective lesions of the DA projections to the nucleus
accumbens markedly attenuate acquisition of responding for a range of addictive
drugs, including cocaine, amphetamine and heroin, with different molecular targets
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or mechanisms of action (Balfour 2009; Di Chiara and Bassareo 2007; Lyness et al.
1979; Roberts et al. 1977; Roberts and Koob 1982; Singer and Wallace 1984;
Volkow et al. 2011; Willuhn et al. 2010). These results point to a pivotal role for this
pathway in drug reward and reinforcement. Early experiments showed that the effects
of the lesions on these DA projections also attenuate nicotine self-administration in
rats (Singer et al. 1982). Subsequent studies by Corrigall and Coen (1989) established
a more robust experimental design for the investigation of nicotine self-administra-
tion in rats and used this procedure to confirm that lesions of the pathway do, indeed,
attenuate nicotine self-administration in this species (Corrigall et al. 1992). These
results provide strong support for the hypothesis that nicotine shares at least some of
the key properties of a drug abuse and that DA projections from the ventral tegmental
area (VTA) play a key role in these responses. This chapter will review the role of DA
in nicotine dependence and seek to address the complex nature of the relationship
between behavioral measures of nicotine dependence and its effects on DA release in
the nucleus accumbens.

There is evidence that stimulation DA neurons can result in the release of DA
both into synapses within the nucleus accumbens and into the interstitial space that
lies between the fibers and that DA release into these two compartments has dif-
fering roles in the regulation of behavior (Floresco 2007; Grace 1991; Heien and
Wightman 2006). Figure 1 highlights the complexity of the pathways projecting
from within the VTA and areas such as the nucleus accumbens, the frontal cortex,
ventral pallidum, pedunculopontine/laterodorsal tegmentum, and pedunculopontine
and laterodorsal tegmentum, pedunculopontine and laterodorsal tegmentum that
influence the activity of the DA projections from the VTA (Vanderschuren and
Kalivas 2000; Sesack and Grace 2010). DA release in the nucleus accumbens is
also influenced by projections to the accumbens from the ventral subiculum of the
hippocampus, the basolateral amygdala and the frontal cortex. These complex
mechanisms for controlling DA release in the nucleus accumbens allow the system
to respond to external and internal contingencies and stimuli which predict reward
and, thus, drive positively rewarded goal-directed behaviors. It has been proposed
that chronic exposure to most drugs of abuse results in impaired regulation of these
neurons in a manner that results in the inappropriate behavioral responses and
strategies that characterize dependence (Floresco 2007; Grace 1991; Grace et al.
2007; Heien and Wightman 2006; Schultz 2010, 2011; Sesack and Grace 2010).

2 The Effects of Nicotine on DA Release from Mesolimbic
DA Neurons In Vivo

There is considerable evidence from electrophysiological and microdialysis studies
that nicotine falls into the category of addictive drugs which stimulate DA release in
the nucleus accumbens. Studies in the mid-1980 showed that injections of nicotine
stimulate midbrain DA neurons (Grenhoff et al. 1986). Imperato et al. (1986) were
among the first to report that nicotine injections stimulate DA overflow in the
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nucleus accumbens when measured using microdialysis. In the years following,
other studies confirmed these initial observations (Benwell and Balfour 1992;
Brazell et al. 1990; Damsma et al. 1989; Mereu et al. 1987; Nisell et al. 1994b;
Schilstrom et al. 2003). The nucleus accumbens is composed of two principal
subdivisions, the accumbal shell and the accumbal core, which are anatomically
distinct, project to different areas of the brain and are thought to subserve different
physiological and behavioral functions (Heimer et al. 1991; Zahm and Brog 1992).
Acute injections of drugs of dependence elicit greater increases in DA overflow in
the shell subdivision of the accumbens that the accumbal core (Di Chiara and
Bassareo 2007). The acute administration of nicotine to drug-naïve animals also
results in a preferential increase in DA overflow in the accumbal shell (Cadoni and
Di Chiara 2000). Thus, the effects of acute nicotine on DA overflow in the nucleus
accumbens closely resemble those observed for other drugs of dependence (Balfour
2004; Di Chiara 2000; Pontieri et al. 1996).

The DA neurons which project from the VTA express neuronal nicotinic receptors
on both their somatodendric membranes and the membranes of the nerve terminals
and peri-terminal regions of the axons (Livingstone and Wonnacott 2009). The
molecular composition of these receptors is diverse and is considered in some detail
by Fasoli and Gotti (see chapter entitled Structure of Neuronal Nicotinic Receptors;
this volume). However, there is compelling evidence that the effects of systemic
nicotine administration to rats depend upon the stimulation of one or more of these
receptor populations (Livingstone and Wonnacott 2009). It is also important to

Fig. 1 Innervation of the nucleus accumbens. This figure highlights the principal pathways that
innervate and project from the nucleus accumbens core and shell. NACs nucleus accumbens shell;
NAcC nucleus accumbens core; VTA ventral tegmental area; dPFC dorsal prefrontal cortex;
cPFC ventral prefrontal cortex; VP ventral pallidum; HIPP hippocampus; PPTg pedunculopontine
tegmental nuclei; LTg lateral tegmental nuclei. The figure is adapted from Vanderschuren and
Kalivas (2000)

58 D.J.K. Balfour

http://dx.doi.org/10.1007/978-3-319-13482-6_1


remember that a number of the neuronal pathways which project to the VTA or the
nucleus accumbens and influence the activity of DA neurons also express neuronal
nicotinic receptors, and it is widely accepted that stimulation of these receptors also
contributes significantly to the effects of systemic nicotine on DA release in the
terminal fields of the mesolimbic system (Markou 2008). The effects of nicotine on
DA overflow in the nucleus accumbens are attenuated by the prior administration of
nicotinic receptor antagonists that penetrate into the brain (Benwell et al. 1995).
Furthermore, the local administration of a nicotinic receptor antagonist into the VTA,
but not the nucleus accumbens, also attenuates the increase in DA overflow evoked
by a systemic injection of nicotine, results which support the conclusion that the
changes in DA overflow evoked by nicotine depend upon the stimulation of nicotinic
receptors in the VTA resulting in increase impulse flow to the terminal field (Nisell
et al. 1994a, b). Additional studies suggest that the reinforcing properties of nicotine,
measured using a self-administration paradigm, also depend upon the stimulation of
the DA neurons in the VTA which project to the accumbens (Corrigall et al. 1994).
These results support the conclusion that effects of self-administered nicotine on DA
release in the forebrain, which underpin nicotine reinforcement, depend upon its
ability to stimulate impulse flow to the terminal fields.

A single acute injection of nicotine elicits a sustained increase in the concen-
tration of DA in the extracellular space of the accumbens shell that persists for up to
60 min. However, there is evidence that many of receptors on the DA neurons in the
VTA rapidly desensitize upon the exposure to the drug (Pidoplichko et al. 1997). In
order to explain this conundrum, Mansvelder and McGehee (Mansvelder et al.
2002; Mansvelder and McGehee 2000, 2002) suggested that sustained increases in
firing of the neurons were maintained by the differential desensitization of the
nicotinic receptors located the DA neurons and the terminals of afferent GABA and
glutamate neurons that regulate the activity of the neurons. They argued that this
generates a triphasic response to the drug. When nicotine is administered, it initially
stimulates the nicotinic receptors located on the somatodendritic membranes of the
DA neurons. This leads to an initial short-lived stimulation of the neurons. Nicotine
also stimulates nicotinic receptors on GABA terminals facilitating the release of this
inhibitory transmitter. This results a short-lived inhibition of the DA neurons fol-
lowing the initial stimulation. These authors suggested that receptors on the DA
neurons and GABA terminals are composed of α4β2 subunits and readily desen-
sitize within seconds or minutes of exposure to the drug. A third population of
nicotinic receptors, located on glutamate terminals, is composed predominantly of
α7 subunits. These receptors are more resistant to desensitization and remain active
over a longer period of time, facilitating the release of glutamate in the VTA. The
authors suggest that the sustained increase in neuronal activity and DA overflow,
evoked by the acute administration of nicotine, depends upon this sustained release
of glutamate and that this mechanism is important to the role of DA in nicotine
dependence (Fagen et al. 2003).

The paragraphs above have focused on the DA responses to acute nicotine
administered to drug-naïve animals. These studies have generated convincing
evidence that nicotine injections stimulate the mesoaccumbens DA neurons that
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have been implicated in drug dependence. However, the development of nicotine
dependence is the product of chronic or repeated exposure to the drug, and if we are
to understand the role of these projections in dependence, then it is essential that the
changes in the neural responses to nicotine that occur with chronic exposure to the
drug are fully characterized. Studies in our laboratory were the first to explore the
effects of repeated daily injections of nicotine on DA overflow in the nucleus
accumbens (Benwell and Balfour 1992). These experiments showed that, whereas
acute injections of nicotine had little or no effects on DA overflow in the core
subdivision of the nucleus accumbens, repeated administration of the drug, on as
few as five occasions, was sufficient to elicit sensitization of its effects on DA
overflow in this region of the brain. Some years later, this observation was con-
firmed by Cadoni and Di Chiara (2000) who also demonstrated that sensitization
was only observed in the core subdivision of the accumbens. Repeated adminis-
tration of nicotine does not result in sensitization of the DA overflow evoked by
nicotine in the accumbal shell. Indeed, in this subdivision of the nucleus accum-
bens, repeated nicotine administration results in the development of tolerance to the
response to nicotine (Cadoni and Di Chiara 2000), an observation subsequently
confirmed in our own laboratory (Iyaniwura et al. 2001; Tronci and Balfour 2011).
Furthermore, repeated nicotine administration does not result in sensitization of DA
overflow in the dorsolateral striatum (Benwell and Balfour 1997). Repeated daily
administration of other drugs of abuse also results in a regionally selective sensi-
tization of their effects of DA overflow in the core subdivision of the accumbens
(Cadoni and Di Chiara 1999; Cadoni et al. 2000).

The extent to which the electrophysiological responses to nicotine are modified
by chronic or repeated exposure to the drug remains to be clarified. However, there
is evidence that pretreatment with nicotine diminishes the regulation by D2 auto-
receptors of DA release in the nucleus accumbens (Balfour et al. 1998). By contrast,
nicotine pretreatment does not alter the regulatory effects of these receptors on DA
overflow in the dorsoalateral striatum, data which suggest that the regionally
selective sensitization of the response to nicotine in the accumbal core could be
associated with diminished autoreceptor regulation of the neurons. Other studies in
our laboratory demonstrated some years ago that both the development and
expression of the sensitized DA responses to nicotine, observed in the accumbens
core, are inhibited by pretreating the animals with an NMDA receptor antagonist
(Balfour et al. 1996; Shoaib et al. 1994). These results imply that the enhanced
overflow of DA in the accumbal core depends upon the co-stimulation of the gluta-
matergic receptors. The anatomical location of the receptors that mediate the sensi-
tized responses to nicotine has not been identified although some data support the
conclusion that the receptors are likely to be located in the VTA and to modulate the
effects of nicotine on impulse flow to the terminal field (Fu et al. 2000; Schilstrom
et al. 1998). This conclusion is consistent with the evidence that the sustained
increases in DA overflow, evoked by a nicotine injection, are maintained by the
release of glutamate in the VTA (Mansvelder et al. 2002). The sensitized DA response
is also attenuated by pretreatment with the indole alkaloid, ibogaine, an effect that
persists for at least 24 h after administration of the alkaloid (Benwell et al. 1996).
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The compound has been reported to attenuate the increases in DA overflow evoked by
other drugs of dependence, and this property is thought to underpin the potential of
this compound and its synthetic derivative 18-methoxycoronaridine as treatments for
drug dependence (Glick and Maisonneuve 2000). Ibogaine is an antagonist at α4β2
nicotinic receptors, and its effects at this receptor are long lasting. Thus, this could
explain the inhibition evoked by the drug. However, if this is the mechanism, it is
surprising that pretreatment with ibogaine does not also attenuate the increase in
locomotion evoked by nicotine. Ibogaine is also an NMDA receptor antagonist, and
since its effects on the responses to nicotine resemble more closely those of other
NMDA antagonists, it seems more likely that its effects at this receptor explain the
interaction with nicotine in our experiments (Benwell et al. 1996).

For a majority of the studies described in the previous paragraph, DA overflow
was measured in the absence of an inhibitor of the neuronal DA transporter. It is
assumed, therefore, that the measures reflect changes in the extracellular DA con-
centration that occur in vivo in response to the administration of the drug. However,
the electrophysiological studies suggest that the effects of nicotine on the neuronal
firing are not restricted to the neurons that project to the accumbal shell. Some years
ago, our group investigated the effects of nicotine on catecholamine overflow mea-
sured in the presence of a drug, nomifensine, which inhibits the neuronal DA and
noradrenaline transporters (Benwell and Balfour 1997). In the presence of this
inhibitor, acute injections of nicotine to drug-naïve animals also increase DA over-
flow in the accumbal core and dorsolateral striatum, whereas no changes are observed
if the experiment is performed in the absence of the inhibitor. These data imply that
the acute systemic administration of nicotine exerts a more generalized stimulation of
the activity of DA neurons in the VTA and the substantia nigra but that the effects are
masked by the efficient reuptake of the monoamine by the transporters. The con-
clusion is supported by more recent studies which suggest that the increase in DA
release evoked by changes in phasic burst firing of the neurons can be detected in the
presence of an inhibitor of the transporters (Floresco 2007). Thus, it is possible that
the regionally selective increase in DA overflow in the accumbal shell, measured in
response to acute nicotine administration, could reflect differences in nature of the
effects of the drug on the activity of the DA neurons that project to this subdivision of
the accumbens. Jones et al. (1996), however, have highlighted evidence that the
characteristics and regulation of the DA transporters in the accumbal shell differ from
those found in the core subdivision of the structure and that this may explain the
regional differences in the DA responses in the accumbens.

3 Tonic and Phasic Firing of Mesolimbic Dopamine
Neurons

DA neurons have been shown to fire in two distinct modes—as irregular single
spikes and as short periods of burst firing (Grace and Bunney 1984a, b). Stimulation
of the burst firing of the neurons evokes a substantial increase in the DA release into
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the synaptic cleft and generally leads to only a transitory increase in extracellular
DA (Heien and Wightman 2006). By contrast, the concentration of DA in the
extracellular space is governed primarily by the tonic spike activity of the neurons
(Floresco 2007; Floresco et al. 2003; Heien and Wightman 2006) although a recent
study by Owesson-White et al. (2012) suggests that transient phasic firing of the
neurons may also contribute to changes in the concentration of DA in the extra-
cellular compartment of the nucleus accumbens. Nirenberg et al. (1997) used high-
resolution electron microscopic immunocytochemistry to demonstrate that a
majority of the neuronal DA transporters are located extra-synaptically on plasma
membranes of both the accumbens shell and core. DA transporters are similarly
predominantly located outside synapses in the dorsal striatum (Hersch et al. 1997).
These observations support the conclusion, first mooted by Garris and Wightman
(1994), that the primary role of DA transporters in the nucleus accumbens is to
regulate the concentration of DA in the extracellular space. The release of DA into
the extracellular space could reflect overflow from synapses. However, Nirenberg
et al. (1997) noted that the DA fibers that project into the nucleus accumbens are
beaded, having varicosities along their length. This observation led Balfour et al.
(2000) to propose that tonic DA release may reflect release directly into the
extracellular space from these varicosities and that this DA serves a different
functional role from that released by terminals that form tight synaptic contacts.

An important putative role for extracellular DA in the VTA may be autoreceptor-
mediated inhibition of DA release evoked by phasic firing of the neurons (Grace
2000). Thus, the level of DA tone may influence the level of response to condi-
tioned stimuli whose salience has been established by pairing with a rewarding
outcome. There is also evidence that DA released into the extracellular compart-
ment may be implicated in volume transmission, a form of neurotransmission that
allows the transmitter to elicit a tonic regulation of “hard-wired” neuronal pathways
which may be close to or some distance from the DA neurons (Fuxe et al. 2010;
Garris and Wightman 1994). In this way, the transmitter may serve a “paracrine-
like” role as a gate which influences the intensity of the neural traffic within fibers
of passage. This possibility is consistent with the role attributed to the DA pro-
jections to the accumbens suggested by Sesack and Grace (2010). This chapter will
focus on the possibility that DA release into the extracellular space of the
accumbens and dorsal striatum may play complementary roles in the development
of nicotine dependence.

There is also a considerable and growing body of evidence to suggest that the
different modes of firing of the DA neurons which project to the nucleus accumbens
mediate different components of the behavioral responses which depend upon the
increased DA release in this area of the brain. Under normal conditions, many of the
DA-secreting neurons in the VTA are inhibited by very active GABA neurons
which project from a number of anatomical sites. The GABA projections from the
ventral pallidum seem to play a particularly important role in suppressing the
spontaneous activity of mesencephalic DA neurons (Floresco et al. 2001, 2003). As
a result, approaching 50 % of the DA neurons in the VTA is not spontaneously
active. Inactivation of the ventral pallidum releases this inhibitory effect and allows
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more of the neurons to fire spontaneously (Floresco et al. 2003; Lodge and Grace
2006a). Furthermore, excitation of glutamate afferents in the ventral subiculum of
the hippocampus also inhibits the GABA projections from the ventral pallidum to
the VTA by stimulating inhibitory GABA projections from the nucleus accumbens
to the ventral pallidum. As a result, the DA neurons within the VTA are disin-
hibited, resulting in an increase in the proportion of the cells which are spontane-
ously active (Grace et al. 2007; Lodge and Grace 2006a). Phasic burst firing of the
neurons is promoted by stimulation of NMDA receptors located on the cells
(Chergui et al. 1993). Stimulation of these receptors is not alone sufficient to
generate burst firing of the neurons. Burst firing is generated by the coincidental
stimulation of the NMDA receptors and other stimulatory receptors located on the
neurons. Other studies suggest that co-stimulation of a projection from the latero-
dorsal tegmentum is also required to elicit burst firing of the neurons (Lodge and
Grace 2006b). The nature of the neurotransmitter released by the neurons that
project from the LTDg remains unclear although some evidence suggests that the
neurons may be cholinergic in nature and that the acetylcholine released by these
neurons acts on nicotinic receptors putatively located on the DA cells (Mameli-
Engvall et al. 2006). Thus, the LDTg seems to provide a cholinergic-dependent
permissive “gate” that allows stimulation of the glutamate receptors to result in the
expression of burst firing. The source of the glutamatergic pathways which elicit
burst firing also remains to be established with certainty although there is evidence
that glutamate projections from the pedunculopontine tegmentum (PPTg) directly
regulate burst firing of DA neurons in the VTA. The PPTg receives projections for
other sites within the brain (e.g., the prefrontal cortex and extended amygdala) and
is, therefore, ideally suited to the integration of the effects of a range of sensory
inputs on the burst firing of VTA DA neurons (Grace et al. 2007).

Selective ablation of the cholinergic neurons in the PPTg reduces nicotine self-
administration (Lanca et al. 2000). Furthermore, this group also showed that
microinjections of the β2 subunit-selective nicotinic receptor antagonist, dihydro-
β-erythroidine, into the PPTg exert a similar effect on nicotine self-administration.
The data, when taken together, support the hypothesis that stimulation of cholinergic
neurons within the PPTg is required to stimulate the DA neurons in the VTA and,
thus, mediate the reinforcing properties of nicotine. Subsequent studies suggested that
various pharmacological manipulations of neurons within the PPTg exert common
effects on nicotine and cocaine self-administration although GABAergic neurons
within the structure appear to exert a selective effect on the self-administration of
nicotine (Corrigall et al. 2001, 2002). A later study by Alderson et al. (2006) found
that lesioning the posterior PPTg with the excitotoxin, ibotenic acid, increased nic-
otine self-administration. By contrast, similar lesions of the anterior PPTg were
without effect. The significance of these findings lies in the fact that the neurons in the
posterior PPTg project to the VTA, whereas those in the anterior PPTg project
preferentially to the substantia nigra. The effects of the posterior PPTg lesions on
nicotine self-administration were hypothesized to reflect either a reduction in intrinsic
nicotine reward value or enhancement of associative incentive salience. The results,

The Role of Mesoaccumbens Dopamine in Nicotine Dependence 63



however, do not preclude the possibility that the lesions ablate GABA neurons in the
posterior PPTg that are implicated in the regulation of DA neurons in the VTA.

The phasic activity of mesencephalic DA neurons is stimulated by exposure to
external stimuli and signals the relationship between an external stimulus and the
outcome of a behavioral response. The system is most effective at encoding
information about rewards although some DA neurons within the VTA also
respond to aversive outcomes and may encode information about stimuli associated
with these outcomes (Schultz 2010). Phasic firing of the neurons is initially stim-
ulated by exposure to an unanticipated reward (i.e., when the presentation of a
stimulus first results in the presentation of a reward such as a sweetened pellet). As
the animal learns the association, the stimulus takes on the properties of a condi-
tioned stimulus and the presentation of the stimulus results in phasic activity rather
than the presentation of the reward. A failure to present the anticipated reward
results in a depression of phasic activity, an outcome described as a prediction error.
The magnitude of the phasic response is influenced by the magnitude of the reward
presented and by the length of the delay between the stimulus and the presentation
of the reward. Thus, the degree of phasic firing seems to code for the subjective
value of the reward rather than its objective value (Schultz 2010). If the presentation
of the conditioned stimulus prompts a behavioral response (e.g., a lever press) that
delivers the reward, then it can be seen that an important role of phasic firing of the
neurons is to promote a behavioral response which is advantageous to the animal.
Schultz has proposed that this process facilities economic decision making—the
selection of the best response to the stimuli presented (Schultz 2007, 2010). Schultz
(2011) argues that chronic exposure the drugs of abuse elicits changes in the
regulation of midbrain DA neurons and postsynaptic DA receptors and the mor-
phology of DA-receptive cells that impair the ability of the individual to discrim-
inate between rewards. Furthermore, chronic exposure to the drugs increases the
effects of prediction errors (when a reward predicted by a stimulus is not presented)
and enhance neuronal responses to reward-predicting stimuli.

3.1 The Effects of Nicotine on Phasic and Tonic Firing
of Dopamine Neurons

Early studies suggested that the acute injections of nicotine to experimental animals
increased both the population spike activity and burst firing of the DA neurons that
project from the both the substantia nigra and VTA (Grenhoff et al. 1986). More
recent studies have shown that the administration nicotine to experimental animals
predominantly increases the number, duration, and frequency of phasic burst firing
events evoked in the DA neurons of the VTA and substantia nigra (Zhang et al.
2009). These authors also found that there are fundamental differences in the fre-
quency-dependent release of DA from terminals in the accumbal shell and dorso-
lateral striatum which favor DA overflow in the accumbal shell. As a result, the
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increase in phasic burst firing, evoked by an injection of nicotine, resulted in a
preferential increase in DA release in the shell, results that are consistent with the
results of earlier microdialysis studies (Benwell and Balfour 1997; Cadoni and Di
Chiara 2000). This group also reported that nicotine injections substantially
diminish DA release evoked by low-frequency tonic activity of the neurons. Thus,
phasic DA activity and release is favored following an injection of nicotine and, as
a result, nicotine injections enhance the “signal-to-noise relationship” within the
terminal fields. A more recent study (Li et al. 2011) suggests that an acute nicotine
injection also results in the development of synchronous firing of a subset of DA
neurons within the VTA, a factor that may also contribute to the substantial increase
of DA overflow into the extracellular space of the accumbal shell.

The administration of cocaine is also reported to elicit a preferential enhance-
ment of phasic burst firing of the DA neurons that project to the accumbal shell and
that this contributes to the increase in DA overflow evoked by the drug (Aragona
et al. 2008). An earlier study from the same group showed that both non-contin-
gently administered cocaine and contingent self-administration of the drug enhance
phasic burst firing of the mesolimbic DA neurons that project to the nucleus ac-
cumbens (Stuber et al. 2005). Non-contingent cocaine administration to both
cocaine-naïve rats and rats with previous experience of the drug evoked a sub-
stantial increase in the transient release of DA which was not time-locked to specific
environmental stimuli. The contingent administration of the drug also evoked the
changes in phasic release which were not time-locked to a stimulus. However, a
subset of the phasic release events were time-locked to the lever-pressing responses,
results which are consistent with the evidence that these transients relate the lever-
pressing responses to conditioned stimuli that predict drug delivery (Phillips et al.
2003). Similar studies have yet to be performed with nicotine. However, the data
support the working hypothesis that the administration of psychostimulant drugs of
abuse elicits characteristic changes in the firing pattern of mesoaccumbens DA
neurons. Furthermore, a significant proportion of the enhanced bursting activity of
the neurons does not appear to be time-locked to the presentation of relevant
conditioned stimuli and may, thus, subserve a different function putatively related
specifically to dependence.

4 The Role of Mesoaccumbens Dopamine Projections
in Locomotor Responses to Nicotine

The DA projections from the VTA area play a complex role in the regulation of
behavior. However, two aspects of behavior, stimulation of locomotor activity and
responding for rewarding stimuli or outcomes, have been particularly associated
with increased DA release from the mesolimbic DA neurons that project to the
nucleus accumbens. The acute administration of nicotine to rats causes a dose-
dependent reduction in locomotor activity during the first 20 min of the trial if the
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animals are placed in the test arena immediately after the injection (Clarke and
Kumar 1983). However, if the animals are left in the activity cage for 80 min, the
activity is increased in a dose-dependent manner during the 40–60- and 60–80-min
subtrials as the animals habituate to the test environment. In a subsequent micro-
dialysis study, Benwell and Balfour (1992) used a similar paradigm to explore the
effects of acute nicotine on DA overflow in the core subdivision of the accumbens
in conscious freely moving rats tested in an activity box. In this study, the animals
were left for 80 min to generate stable baseline levels of extracellular DA and
habituate to the box before nicotine was administered to the rats. When compared
with the responses measured in control animals given the saline vehicle, an acute
injection of nicotine caused a dose-dependent increase in locomotion although
increased DA overflow could only be detected in these rats in the presence of an
inhibitor of the DA transporter (Benwell and Balfour 1997). Pretreatment with
nicotine for several days prior to the test day results in sensitization of locomotor
response to the drug and evidence that the animals have become tolerant to the
initial inhibitory effects of the drug on activity (Clarke and Kumar 1983). If DA
overflow is measured in rats sensitized to nicotine in this way, a substantially
enhanced DA response to the drug is also observed (Benwell and Balfour 1992).
This observation was confirmed in a subsequent study which showed that the
sensitized DA response to the drug was observed in the accumbal core but not the
shell (Cadoni and Di Chiara 2000).

Other studies have shown that motor sensitization to nicotine is also observed if
rats are given daily microinjections of subthreshold doses of nicotine directly into
the VTA (Panagis et al. 1996). Furthermore, selective lesions of the DA projections
to the nucleus accumbens are reported to attenuate or block the increases in activity
observed in nicotine-tolerant rats (Clarke et al. 1988; Louis and Clarke 1998;
Panagis et al. 1996). A subsequent study showed that the sensitized locomotor
response to nicotine and the locomotor stimulation evoked by amphetamine are
selectively attenuated by lesions of the DA projections to accumbal core but not the
medial shell (Boye et al. 2001). Similar studies with amphetamine suggest that the
locomotor stimulant properties of the drug depend upon the increased DA release in
the accumbal core whereas the reinforcing properties of the drug, measured using a
place preference paradigm, depend upon the increased DA overflow in the medial
shell of the accumbens (Sellings and Clarke 2003). These observations imply that
the rewarding and locomotor-activating properties of stimulants are mediated by
anatomically distinct components of the accumbens and appear consistent with the
hypothesis that accumbal core is implicated in the regulation of motor activity,
whereas the accumbal shell forms an integral component of the limbic systems of
the brain (Heimer et al. 1991).

The results summarized in the previous paragraph would appear to provide
convincing support the hypothesis that the development and expression of sensi-
tized locomotor responses to nicotine depend upon the enhanced stimulation of the
DA neurons that project from the VTA and an associated increase of DA overflow
in the core subdivision of the accumbens (Benwell and Balfour 1992; Cadoni and
Di Chiara 2000; Heimer et al. 1991). However, a number of studies in this
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laboratory have cast significant doubt on this working hypothesis. The expression
of the sensitized DA responses in the accumbal core is antagonized if the injections
of nicotine are preceded by an injection of an NMDA receptor antagonist (Balfour
et al. 1996). By contrast, pretreatment with receptor antagonists does not cause a
significant attenuation of the sensitized locomotor responses to the drug. Similarly,
the attenuation of the sensitized DA responses to nicotine seen in animals pretreated
with ibogaine is also not associated with a reduction in the hyperlocomotion evoked
by nicotine. Furthermore, pretreating animals with an NMDA receptor antagonist
during the sensitization phase of the experiment also attenuates the expression of
the sensitized DA response, but not the hyperlocomotion (Shoaib et al. 1994). The
more recent studies have explored the effects of 6-methyl-2-(phenylethynyl)-
pyridine (MPEP) on the locomotor and DA responses to nicotine. MPEP is a
negative allosteric modulator at metabotropic receptor 5 (mGluR5) receptors
(Rodriguez et al. 2010). These experiments suggest that the locomotor response to
nicotine is also unaffected if the animals are pretreated with MPEP at a dose that
attenuates the effects of nicotine on DA overflow in the accumbal shell (Tronci et al.
2010). Thus, these data suggest that the locomotor stimulation, evoked by nicotine,
is not related to increased DA overflow in either subdivision of the accumbens.
Other studies suggest that the sensitized motor responses to nicotine may be
associated with enhanced postsynaptic responses to DA in the nucleus accumbens
(Birrell and Balfour 1998; Suemaru et al. 1993). These observations have led our
group to propose that the locomotor stimulant properties of nicotine may be
associated with increased DA release in synapses in the nucleus accumbens,
whereas the extracellular DA in this region of the brain is more concerned with
other aspects of nicotine psychopharmacology, including specifically nicotine
dependence (Balfour et al. 2000).

5 The Role of Mesolimbic Dopamine in Nicotine
Dependence

5.1 Studies with Animal Models of Nicotine Reinforcement

There is convincing evidence that the rewarding or reinforcing properties of nic-
otine, measured using a self-administration paradigm, depend upon the DA release
from mesoaccumbens DA neurons. This conclusion is supported by the evidence
that selective lesions of the DA projections to the accumbens result in a substantial
reduction of intravenous nicotine self-administration in animals that have been
trained in an operant chamber to press for nicotine (Corrigall et al. 1992). Fur-
thermore, the local administration of nicotine receptor antagonists into the VTA
evokes a similar attenuation of self-administration, data that support the view that
the reinforcing properties of nicotine, measured using this paradigm, depend upon
the stimulation of the DA neurons that project from the VTA (Corrigall et al. 1994).
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It is important to remember, however, that these observations may not be as
compelling as they appear because lesioning procedures, similar to those adopted to
attenuate nicotine self-administration, also attenuate the stimulatory effects of
repeated nicotine on locomotor activity (Clarke et al. 1988; Louis and Clarke 1998).
Moreover, the effects of intra-VTA nicotine on locomotion are inhibited by the
prior administration of a nicotinic receptor antagonist (Reavill et al. 1990).

A most recent study by Cadoni et al. (2009) has shown that the self-
administration of nicotine to inbred Lewis rats has a greater effect on DA overflow
in both the nucleus accumbens shell and core than in the accumbens of inbred
Fischer 344 rats. The study also showed that the Lewis rats were also more sensitive
to the increase in locomotor activity, evoked by low doses of nicotine. A previous
study suggested that, whereas Lewis rats can be trained to self-administer nicotine,
Fischer 344 rats do not readily acquire this response (Brower et al. 2002). Fur-
thermore, the Lewis rats that acquired nicotine self-administration responded
preferentially on the active lever. The authors suggested that the data supported the
conclusion that the Lewis strain may be genetically susceptible to the reinforcing
properties of nicotine that underpin dependence. It is important to note, however,
that Bower and colleagues used an extended unlimited access paradigm in which
the animals were able to respond for nicotine for 23 h. By contrast, an earlier study
by Shoaib et al. (1997), in which self-administration was measured over 1 h daily
sessions, showed that neither Fischer nor Lewis rats readily acquired nicotine self-
administration. Thus, the potential association between the genetic effects on DA
overflow and reward, as measured using intravenous self-administration, should be
treated with some caution.

The rewarding properties of nicotine can also be explored using a conditioned
place preference paradigm in which one compartment of the apparatus is repeatedly
paired with a nicotine injection. There is evidence that nicotine-induced conditioned
place preference is attenuated if the DA projections to the nucleus accumbens are
selectively lesioned (Di Chiara 2000). A more recent study showed that attenuation
of nicotine-induced conditioned place preference could be evoked by selective
lesions of the DA terminals in the accumbal shell, whereas lesions of the terminals
in the accumbal core resulted in increased preference for the nicotine-paired
compartment (Sellings et al. 2008). These authors concluded that the DA projec-
tions to the shell mediated the “rewarding” properties of the drug, whereas the DA
projections to the accumbal core played a role in mediating the aversive properties
of nicotine. However, as will be made clear later in this chapter, other roles have
also been attributed to the DA neurons that project to the accumbal core.

Other researchers have employed more indirect approaches to explore the role of
DA in the psychopharmacological responses to nicotine. For example, there is
evidence that constituents of tobacco smoke cause inhibition of monoamine oxidase
(MAO) activity in the brain and this effect is thought to enhance the addictive
potential of nicotine when delivered in tobacco smoke (Brody 2006; Fowler et al.
2003). This hypothesis is supported by results reported by both Guillem et al. (2005)
and Villegier et al. (2007) in which nicotine self-administration was shown to be
enhanced by pretreating the animals with a drug that inhibits monoamine oxidase.
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A subsequent study (Guillem et al. 2006) demonstrated that this enhancement was
particularly marked in animals pretreated with a selective MAO-A inhibitor but not in
animals pretreated with an MAO-B inhibitor. In contrast to human brain, in which
both isoforms of the enzyme are implicated in DA metabolism, in rat brain DA is
preferentially metabolized by MAO-A (Saura et al. 1992). Thus, results with exper-
imental animals are consistent with the possibility that the enhanced motivation to
respond for nicotine is associated with the potentiation of DA. In other studies, Cohen
et al. (2002) showed that pretreating rats with the cannabinoid CB1 receptor antag-
onist, rimonabant, attenuated both the effects of nicotine on DA overflow in the
nucleus accumbens shell and nicotine-seeking behavior in a self-administration study.
These data provide further support for the hypothesis that increased DA overflow in
the accumbal shell plays a central role in nicotine-reinforced behavior.

5.2 Studies with Other Psychostimulant Drugs
of Dependence

In order to be able to interpret the results of studies with nicotine more clearly, it is
instructive to consider how studies with other psychostimulant drugs of dependence
have contributed to our understanding of the role of mesolimbic DA in addiction.
Studies with cocaine have shown that rats can be trained to self-administer cocaine
directly into the shell subdivision of the accumbens, whereas they cannot be trained
to self-administer the drug directly into the accumbal core (Rodd-Henricks et al.
2002). Furthermore, this response was attenuated by the co-administration of the
DA receptor antagonist, sulpiride, results which suggest that the reinforcing prop-
erties of cocaine delivered into the accumbal shell depends upon the stimulation of
D2 receptors in this subdivision of the accumbens. Other studies have shown that
the rewarding properties of amphetamine, measured using the place preference
paradigm, are attenuated by selective lesions of the DA terminals in the accumbal
shell (Sellings and Clarke 2003). Other anatomical loci have also been implicated in
the reinforcing properties of psychostimulant drugs. Ikemoto (2003) noted that the
DA neurons that project to the olfactory tubercle also seem to play a role in the
reinforcing properties of cocaine. Furthermore, Sellings et al. (2006) extended these
reported that the reinforcing properties of methylphenidate area associated with
increased DA release in the medial olfactory tubercle. Thus, there is a need to be
cautious when attributing the locomotor stimulant and reinforcing properties of
nicotine solely to the events in the two principal subdivisions of the nucleus
accumbens.

While the evidence that DA neurons play a central role in the reinforcing
properties of psychostimulant drugs that underpin dependence is reasonably com-
pelling, some studies suggest that the relationship is not simple. For example,
Rocha et al. (1998) showed that transgenic mice lacking function neuronal DA
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transporters were hyperactive and could still learn to self-administer cocaine in
manner that seemed similar to that seen for wild-type animals. The authors con-
cluded that the reinforcing properties of cocaine cannot depend solely on its ability
to inhibit the DA transporter and that other neural responses also play a key role in
cocaine reinforcement. Studies with other drugs of abuse also suggest that DA may
play a specific role in drug reinforcement. There is evidence that mesolimbic DA
neurons may facilitate acquisition of opiate self-administration in rodents (Bozarth
and Wise 1984; Singer and Wallace 1984). However, Pettit et al. (1984) demon-
strated that, once the response had been acquired, lesions of the DA projections to
the accumbens have no significant effects of heroin self-administration, whereas the
lesions did attenuate established cocaine self-administration. Similar findings were
reported by Gerrits and Van Ree (1996) who suggested that the results argued
against a critical role for mesolimbic DA in the motivational mechanisms under-
pinning drug dependence. A subsequent study by Cannon and Palmiter (2003)
showed that transgenic mice lacking tyrosine hydroxylase, and therefore the ability
to synthesize DA, could still learn to respond for a sucrose reward. Thus, the data
taken together support the possibility that increased DA release in the nucleus
accumbens may facilitate the acquisition of responding for rewards or reinforcers
but that it is not an absolute requirement.

5.3 Does Extracellular Dopamine in the Accumbal Shell
Have a Specific Role in Nicotine Dependence?

Since a majority of drugs of dependence stimulate DA release and/or sustain DA
overflow into the extracellular space, it is long been argued that this property of the
drugs contributes significantly to neuropharmacological mechanisms which
underpin the development of dependence (Di Chiara 1995; Wise 1987). Drug
dependence is a chronic relapsing condition and it follows that the changes in the
activity of mesolimbic DA neurons which occur as a consequence of chronic
exposure to these drugs is likely to contribute to the mechanisms that underpin the
transition to dependence. As already discussed, daily injections of nicotine result in
sensitization of DA overflow in the core subdivision of the accumbens (Benwell
and Balfour 1992; Cadoni and Di Chiara 2000; Iyaniwura et al. 2001). By contrast,
the repetitive administration of nicotine, using the same protocol, does not elicit
sensitization of DA overflow in the accumbal shell or dorsolateral striatum (Ben-
well and Balfour 1997; Cadoni and Di Chiara 2000; Iyaniwura et al. 2001). Indeed,
some studies have shown that the effects of nicotine on DA overflow in the shell
subdivision exhibit tolerance to nicotine if the drug is administered repeatedly
(Cadoni and Di Chiara 2000; Tronci and Balfour 2011). If the animals are allowed
to self-administer nicotine, a different pattern of responses is observed in the two
principal subdivisions of the accumbens (Lecca et al. 2006). During the first week
of nicotine self-administration, the effects of the drug on DA overflow in the
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nucleus accumbens shell are clear and significant. By contrast, the effects on DA
overflow in the accumbens core are modest and do not achieve statistical signifi-
cance. Thus, the effects of self-administered nicotine on DA overflow in the prin-
cipal subdivisions of the accumbens resemble those seen in animals treated acutely
with nicotine. During the third week of nicotine self-administration, there is a
modest but statistically significant sensitization of the DA overflow in the accumbal
core. However, in contrast to the effects of non-contingent nicotine, three weeks of
self-administered nicotine result in sensitization of its effects on DA overflow in the
accumbal shell. Similar sensitization of DA overflow in the accumbal shell is
also observed in animals trained to self-administer cocaine or heroin (Lecca et al.
2007a, b). These observations support the view that preferential sensitization of the
increase in DA overflow in the accumbal shell is a specific characteristic associated
with the acquisition of contingent drug self-administration and play an important
role in behaviors associated with the drug-taking behavior.

The putative behavioral significance of the changes in extracellular DA remains
to be established. Grace (2000) has argued that the primary role of extracellular DA
is to regulate phasic DA release through the DA autoreceptors and that the per-
sistent increase in extracellular DA, evoked by chronic exposure to drugs of abuse,
results in a sustained suppression of phasic responses. He posits that the craving to
take drugs of abuse reflects a need to overcome this increased inhibitory effect and,
thus, restore normal phasic DA release. Others have argued that increased extra-
cellular DA, especially in the accumbal shell, plays a more direct role in drug-
seeking behavior (Balfour 2009; Di Chiara et al. 2004). For nicotine, this
hypothesis receives support from a number of studies which report that treatments
which inhibit the increase in extracellular DA in the nucleus accumbens shell,
evoked by the drug, also attenuate nicotine self-administration and conditioned
place preference (Balfour 2009; Cohen et al. 2005, 2002; Di Chiara et al. 2004;
Scherma et al. 2012, 2008; Tronci and Balfour 2011). Furthermore, in animals in
which responding for the drug has been extinguished, the reinstatement of nicotine-
seeking behavior, evoked by a non-contingent injection of nicotine, is also atten-
uated by a treatments that attenuate the increase in DA overflow in the accumbal
shell evoked by nicotine (Mascia et al. 2011; Scherma et al. 2008). None of the
studies have sought to determine whether the treatments act selectively or prefer-
entially on phasic or tonic firing of the neurons.

The results presented above are consistent with the hypothesis that, like other
psychostimulant drugs of abuse, increased DA overflow in the accumbal shell
mediates the “rewarding” properties of nicotine. However, Salamone and col-
leagues (Salamone and Correa 2013; Salamone et al. 2012) have summarized a
considerable body of evidence which suggests that responding for natural rewards,
such as food, does not depend upon the stimulation of the DA projections to the
nucleus accumbens. These pathways, however, do enhance behavioral activation,
the motivational salience of the rewards, and effort-related choice. This hypothesis
is consistent with an earlier study which demonstrated that transgenic mice, lacking
a key enzyme (tyrosine hydroxylase) in the biosynthetic pathway for DA, still
exhibit robust preference for sucrose over water although the transgenic animals
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consumed less sweetened solution than the wild-type controls (Cannon and Pal-
miter 2003). The authors concluded that the mice lacking DA exhibited a deficiency
in goal-directed behavior rather than an impaired perception of the reward. Thus,
there is a growing consensus that the DA projections to the accumbens influence the
motivation to respond for a reinforcer, especially in an instrumental paradigm,
rather than mediating their rewarding properties per se. It also seems reasonable to
suggest, therefore, that compulsive drug-seeking and drug-taking behaviors reflect
the effects of addictive drugs on these processes (Balfour 2009; Salamone and
Correa 2012; Salamone et al. 2007). Salamone (Nunes et al. 2013; Salamone et al.
2012) and his colleagues have focused on the possibility that increased DA over-
flow into the extracellular space of the nucleus accumbens, including that evoked
by drugs of dependence, enhances behavioral activation and effort-related choice
behavior for rewards. By contrast, psychopathological conditions, such as depres-
sion, are posited to be associated with reduced DA release in this area of the brain
and that this effect mediates the psychomotor slowing, anergia and apathy that
characterize these conditions.

The increases in extracellular DA in the nucleus accumbens, evoked by the
administration of nicotine and other drugs of dependence, are generally sustained
for periods up to an hour or more. Thus, it seems reasonable to posit that they
mediate the effects of sustained diffuse stimuli on drug-seeking or drug-taking
behavior that are not time-locked to specific-conditioned stimuli (Balfour 2009).
Studies in a number of laboratories have shown that nicotine self-administration is
attenuated by pretreating the animals with an mGluR5 receptor antagonist
(Palmatier et al. 2008; Paterson et al. 2003; Tessari et al. 2004). Tronci and col-
leagues (Tronci and Balfour 2011; Tronci et al. 2010) showed that this attenuation
of nicotine self-administration is evoked at doses of antagonist that also attenuate
the increase in DA overflow evoked by nicotine in the accumbens shell (Fig. 2).
These data would appear to support the hypothesis that increased DA overflow in
the accumbal shell mediates nicotine reinforcement in this instrumental paradigm
and that the response to nicotine depends upon the co-stimulation of mGluR5
receptors. A parallel study by D’Souza and Markou (D’Souza and Markou 2011)
showed that the microinfusion of an mGluR5 receptor antagonist directly into the
VTA or accumbal shell attenuated nicotine self-administration. These results pro-
vide further support for a role for the DA projections to the accumbal shell in the
reinforcing effects of nicotine and implicate mGluR5 receptors in these areas of the
mesolimbic system in the response. However, the microinfusions into the VTA, but
not the accumbal shell, also attenuated responding for a food reward. Systemic
injections of moderate doses of MPEP, which attenuate nicotine self-administration,
do not inhibit responding for a palatable food reward (Bespalov et al. 2005; Tronci
and Balfour 2011) although it does attenuate the motivation to respond for food as
determined using a progressive ratio paradigm (Paterson and Markou 2005). The
effects of MPEP microinjections into the accumbal shell, therefore, most closely
mimic the effects of systemic drug on nicotine self-administration, and it seems
reasonable to conclude that the accumbal shell may be the primary site of the
antagonists when they are administered systemically.
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Fig. 2 The effects of MPEP on dopamine overflow in the nucleus accumbens and nicotine IVSA.
Panel a show the effects of pre-injecting animals with MPEP (2.5 or 5.0 mg/kg IP) or its saline
vehicle on the increase in DA overflow in the shell subdivision of the nucleus accumbens evoked
by an acute SC injection of nicotine (0.4 mg/kg). Panel b shows the effects of the same doses of
MPEP on lever-pressing in rats trained to respond for IV nicotine (30 µg/kg). The results are
presented as means ± sem. Significantly different from rats pretreated with saline (**p < 0.01;
***p < 0.001). The figure is adapted from Tronci and Balfour (2011)
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The reinforcing properties of nicotine that underpin dependence have been related
to its ability to enhance brain reward function, as measured using an intracranial self-
stimulation paradigm (O’Dell and Khroyan 2009) and to enhance the salience of
other non-pharmacological reinforcers (Caggiula et al. 2002; Chaudhri et al. 2006;
Donny et al. 2003; Palmatier et al. 2006). The reward-enhancing properties of nic-
otine are also observed in animals trained to self-administer the drug directly into the
VTA, data which suggest that this property of the drug depends upon the stimulation
of neurons, putatively DA neurons, that project from this area of the brain (Farquhar
et al. 2012). Pretreatment with an mGluR5 receptor antagonist, however, is reported
to have no effects on the reward-enhancing properties of nicotine (Kenny et al. 2003;
Palmatier et al. 2008). Thus, although these facets of the nicotine psychopharma-
cology may be associated with stimulation of the DA projections from the VTA, it
seems unlikely that they are dependent on the increase in extracellular DA evoked by
the drug in the accumbal shell.

In experimental animals, both sensitization of the locomotor stimulant properties
of nicotine and nicotine-seeking behavior in a self-administration paradigm can be
conditioned to the environment in which the drug is administered (Bevins and
Palmatier 2003; Diergaarde et al. 2008; Reid et al. 1998; Wing and Shoaib 2008).
Furthermore, there is evidence that distal cues of this nature exert a significant
influence on the craving to smoke tobacco (Le Foll and Goldberg 2005; Van Gucht
et al. 2010). In the nicotine self-administration studies reported by Tronci and
Balfour (2011), pretreatment with the mGluR5 negative allosteric modulator,
MPEP, also suppressed responding on the inactive lever (Fig. 2). This observation
implies that the drug does not act selectively on the reinforcing properties of
nicotine. Moreover, as the dose of MPEP was increased, a higher proportion of the
rats tested made no lever-pressing responses at all during the 1-h session (Table 1).
This aspect of the response to MPEP, therefore, cannot be attributed to a neural
interaction between nicotine and the mGluR5 antagonist. Moreover, studies on the
effects of MPEP on locomotor activity indicated that the deficits in responding on
the instrumental task did not reflect a general reduction in activity. MPEP pre-
treatment, however, selectively attenuated contextually conditioned hyperactivity in
rats repetitively exposed to a maze following each daily injection of nicotine
while having no significant effects on context-independent pharmacological
sensitization of the locomotor response to the drug (Fig. 3) (Tronci et al. 2010).

Table 1 The influence of MPEP on nicotine intravenous self-administration

MPEP dose (mg/kg) Percentage of rats responding for nicotine

Saline 100

2.5 88

5.0 38

The table depicts the percentage of rats that made at least one lever-pressing response during a 1-h
session following the administration of the saline vehicle or increasing doses of MPEP. Each rat
(n = 8) was tested in the operant chamber following an IP injection of MPEP or its saline vehicle
using a counter-balanced design. The injections were given 30 min prior to testing in the operant
chamber
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These observations seem most consistent with the possibility that a principal effect
of MPEP is the attenuation of contextually conditioned behavioral responses to
nicotine. Thus, MPEP seems to inhibit behavioral responses to nicotine in two
ways. It attenuates the stimulation of DA overflow evoked in the nucleus accum-
bens by nicotine and, thereby, behaviors such as self-administration that depend
upon this neural response. It also attenuates the effects of distal contextual cues that
act, putatively through the hippocampus, to modulate the effects of nicotine on
mesolimbic function and to promote nicotine-seeking behavior.

The effects of MPEP on the reward-enhancing properties of nicotine have also
been explored using a paradigm similar to that described by Palmatier et al. (2007).
MPEP pretreatment attenuated the enhanced responding for a non-pharmacological
complex visual reinforcer seen in the animals given nicotine but also attenuated the
moderate level of responding for the non-pharmacological reinforcer seen in ani-
mals trained with saline. As with the nicotine self-administration study, the effects
of MPEP were not selective for the active lever. The data generated by this study,
therefore, would appear consistent with the hypothesis that MPEP also attenuates
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Fig. 3 The influence of MPEP on contextually conditioned locomotor sensitization to nicotine.
Groups of rats was given daily injections of saline or nicotine (0.4 mg/kg SC) for 16 days. Half the
rats in each treatment group were returned to their home cages; the remainder were place in a 4-
arm maze for 15 min. On days 17 and 21, the rats were given IP saline (open columns) or MPEP
(5 mg/kg; filled columns) using a counter-balanced design. The chronic treatment and the treatment
on the test day are shown along the x-axis of the graphs. The figure shows the activity of the rats
(entries into the arms of the maze) expressed as mean ±sem of 6 observations for rats that were
habituated to saline or nicotine in the home cage or habituated to the maze after each injection. **
significantly different from saline/saline group: p < 0.01; ++ significantly different given IP saline:
p < 0.01. Taken from Tronci et al. (2010) with permission

The Role of Mesoaccumbens Dopamine in Nicotine Dependence 75



contextually conditioned responding for this non-pharmacological reinforcer
(Tronci et al. 2010). However, the data presented above contrast with those reported
by Palmatier et al. (2008) who found no effects of MPEP on responding for the non-
pharmacological reinforcer. The reason for the difference between the results of the
two groups remains unclear although there are important differences in the exper-
imental designs employed by the two groups which may explain why contextually
conditioned responding contributed more significantly to the study performed by
Tronci and Balfour (2011).

5.4 The Role of Hippocampal Projections in Dopamine
Responses to Nicotine and Conditioned Contextual
Stimuli

Studies using a place preference paradigm have shown that appetitive conditioning
using a sucrose reward suggest that the neural circuitry that mediates the effects of
conditioned spatial contextual cues on reward-seeking behavior differ from the
effects of discrete conditioned stimuli (Ito et al. 2008). Significantly, these studies
revealed that excitotoxic lesions of the accumbal shell attenuated the effects of the
contextual cues, whereas lesions of accumbal core attenuated responding for dis-
crete conditioned stimuli paired with presentation of the reward. The role of the
accumbal shell depended upon the intact neural connections to the hippocampus.
These results support the conclusion that limbic corticostriatal network plays a
central role in spatial contextual conditioning. Moreover, studies with drugs of
dependence suggest that the effects of spatial contextual stimuli on drug-seeking
behavior are associated particularly with increased DA release in the accumbal shell
(Bossert et al. 2007; Chaudhri et al. 2010; Crombag et al. 2008; Ito et al. 2000). DA
overflow in the nucleus accumbens is increased by stimulation of glutamatergic
projections from the hippocampus (Floresco 2007; Floresco et al. 2001; Legault and
Wise 1999; Taepavarapruk et al. 2000). It has been proposed that these glutama-
tergic pathways play a pivotal role in the effects of distal contextual cues on
behavior (Crombag et al. 2008). Crombag and colleagues focused on the role of
glutamatergic projections from the dorsal hippocampus to the nucleus accumbens,
whereas Grace and colleagues (Grace et al. 2007) have emphasized the role of the
projections from the ventral hippocampus. The latter system is reported to enhance
DA overflow in the nucleus accumbens shell via a circuit which projects through
the ventral pallidum to the VTA by increasing the proportion of DA neurons that
are tonically active. These observations imply that distal contextual cues may
enhance the release of DA into the extracellular space of the shell of the accumbens
by increasing the tonic activity of DA the neurons in the VTA. Stimulation of the
glutamatergic afferents from the ventral subiculum to the nucleus accumbens
increases both DA overflow and locomotor activity (Taepavarapruk et al. 2000).
Studies to date have implicated both NMDA and non-NMDA glutamatergic
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receptors in this circuit (Floresco 2007; Floresco et al. 2001; Legault and Wise
1999; Taepavarapruk et al. 2000). There is a paucity of studies that have sought to
explore the putative role of the hippocampus and its connections to the nucleus
accumbens on nicotine-evoked contextual conditioning and, currently, there is no
direct evidence that mGluR5 receptors are also implicated in the role of hippo-
campal afferents on DA release in the nucleus accumbens. However, the accumbal
neurons that innervate the ventral pallidum are rich in mGluR5 receptor RNA,
whereas only 50 % of the neurons that project directly to the VTA express these
receptors (Lu et al. 1999), a finding that provides some indirect evidence for a role
for mGluR5 receptor involvement in the circuit.

5.5 The Role of the Extracellular Dopamine
in the Accumbal Core

The repetitive non-contingent administration of drugs of nicotine results in a sub-
regionally selective sensitization of its effects on DA overflow into the extracellular
space of the accumbal core, an effect that nicotine shares with other drugs of
dependence (Cadoni and Di Chiara 1999, 2000; Cadoni et al. 2000; Iyaniwura et al.
2001). Both the acquisition and expression of this sensitized DA response are
attenuated by pretreatment with drugs that antagonize NMDA glutamatergic
receptors, data which suggest that the sensitized response depends upon the co-
stimulation of these receptors (Balfour et al. 1996; Shoaib et al. 1994). Other data
support the conclusion that the sensitized DA response is caused by increased
phasic burst firing the neurons that project to the accumbal core (Balfour et al.
1998; Schilstrom et al. 1998). This hypothesis is supported by a more recent study
which demonstrated that increased phasic burst firing of the DA projections to the
accumbal core depends upon the co-stimulation of nicotinic receptors composed of
α6β2 subunits and NMDA receptors located on the DA neurons (Wickham et al.
2013). Data presented earlier in the chapter excluded the possibility that the
increase in DA overflow, evoked by nicotine in the accumbal core, mediates the
sensitized locomotor response seen in these animals when they are challenged with
nicotine. These findings pointed to the likelihood that the sensitized DA responses
mediate some other aspects of nicotine psychopharmacology, putatively associated
with dependence (Balfour 2009; Balfour et al. 2000) although the nature of this role
remains a matter of speculation (Di Chiara 2002; Di Chiara and Bassareo 2007).
The administration of an NMDA receptor antagonist has, however, been shown to
attenuate both nicotine self-administration and the increased brain reward function
elicited by a nicotine injection (Kenny et al. 2009). Reduced nicotine self-admin-
istration and nicotine-facilitated brain reward function has also been observed in
animals in which the antagonist was delivered locally into the VTA (Kenny et al.
2009). Thus, the reinforcing and reward-enhancing properties of nicotine can
speculatively be associated with increased burst firing of mesolimbic DA neurons,
but not necessarily those which project to the accumbal core. Indeed a subsequent
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study (D’Souza and Markou 2014) has shown that the responding for a nicotine-
associated conditioned cue is enhanced by the local administration of an NMDA
receptor antagonist into the accumbal core.

Discrete conditioned stimuli, repetitively paired with the self-administration of
cocaine, substantially enhance self-administration of the drug and selectively acti-
vate neurons in the accumbal core (Hollander and Carelli 2007; Ranaldi and
Roberts 1996). Selective excitotoxin-evoked lesions of the accumbal core have little
effect on schedule-controlled cocaine self-administration but substantially inhibit
drug-seeking behavior maintained by drug-associated conditioned cues (Ito et al.
2004). Other studies, reported by the same group, have shown that cocaine-seeking
behavior, maintained by cocaine-paired conditioned stimuli, has no effects on DA
overflow in the accumbal core or shell, but that non-contingent presentation of these
stimuli results in a regionally selective increase in DA overflow in the core (Ito et al.
2000). In contrast, operant responding for cocaine-associated conditioned stimulus
is associated with increased extracellular DA in the dorsal striatum, whereas the
non-contingent presentation of the cue had no significant effects on extracellular
DA in this region of the brain (Ito et al. 2002). These observations, the authors
argued, suggest that increased extracellular DA in the accumbal core might be
implicated in the reinstatement of drug-seeking behavior, evoked by exposure to
drug-associated cues, whereas increased DA overflow in the dorsal striatum may be
implicated in the maintenance of habitual cocaine-seeking behavior. These con-
clusions are consistent with recent results, employing an optogenetic approach,
which show that cue-evoked reinstatement of cocaine-seeking behavior seems to be
associated specifically with stimulation of the indirect pathway from the accumbal
core to VTA that passages through the dorsoventral pallidum (Stefanik et al. 2013).

The self-administration of nicotine in experimental animals is also enhanced
significantly if delivery of the drug is paired with a conditioned sensory stimulus
(Caggiula et al. 2002, 2001). Few studies, however, have explored the specific role of
the accumbal core in this aspect of nicotine reinforcement, and none has focused on
the role of DA release specifically. Bassareo et al. (2007) have reported that a
conditioned stimulus associated with the non-contingent presentation of nicotine
preferentially stimulates DA overflow in the accumbal shell rather than the core. It is
important to note, however, that this study did not involve an instrumental response
or seek to measure nicotine-seeking behavior. Thus, its putative relevance to the role
of conditioned stimuli in nicotine self-administration remains speculative.

6 Evidence for Tolerance to the Effects of Nicotine
on Dopamine Release in the Nucleus Accumbens

In the studies discussed so far, nicotine was either administered non-contingently as a
series of daily injections or contingently in daily nicotine self-administration ses-
sions. Nicotine is rapidly metabolized by the rat and, therefore, these protocols result
in exposure to nicotine which is of fairly limited duration (Kyerematen et al. 1988).
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Moreover, the blood nicotine concentrations will be vanishingly low on each occa-
sion nicotine is initially administered at the beginning of each day. However, many
habitual smokers maintain raised plasma nicotine concentrations for a significant part
of the day (Benowitz et al. 1990). Thus, other chronic treatment protocols have
sought to model this pattern of exposure to nicotine more closely by administering
nicotine over a longer period each day. One of the most common approaches adopted
employs subcutaneous osmotic minipumps to deliver nicotine constantly for periods
up to four weeks. It has been argued that this protocol renders the animals dependent
upon the nicotine because the abrupt withdrawal of the drug elicits behavioral
changes which are thought to model components of the abstinence syndrome
experienced by habitual smokers when they first quit smoking (Kenny and Markou
2001; Malin 2001; Malin and Goyarzu 2009; Malin et al. 1992) (see chapter entitled
Nicotine Withdrawal; this volume). Moreover, the abrupt withdrawal of nicotine in
this model also decreases brain reward function, as assessed using intracranial self-
stimulation (Epping-Jordan et al. 1998). This deficit is thought to be a physiological
correlate of the anhedonia experienced by many abstinent smokers (D’Souza and
Markou 2010; Paterson and Markou 2007). The behavioral measures of withdrawal
can also be evoked by the administration of nicotinic receptor antagonists to animals
constantly infused with nicotine (Epping-Jordan et al. 1998; Hildebrand et al. 1997;
Malin et al. 1994). The changes in reward threshold, evoked by nicotine withdrawal,
are mediated centrally, whereas the somatic signs of withdrawal involve both central
and peripheral mechanisms (Hildebrand et al. 1997; Watkins et al. 2000).

A majority of the studies that have investigated the effects of the constant
infusion of nicotine from osmotic minipumps on extracellular DA in either the core
or shell subdivisions of the accumbens have found no effects (Balfour et al. 2000;
Benwell et al. 1995; Hildebrand et al. 1998; Paterson et al. 2007) although one
study did report a significant increase in basal extracellular DA in the accumbal
shell (Carboni et al. 2000). The constant infusion of nicotine from minipumps, at
doses that generate plasma concentrations of nicotine that are relevant to tobacco
smoking, attenuates or blocks the increases in extracellular DA evoked by an
injection of nicotine (Balfour et al. 2000; Benwell et al. 1995; Carboni et al. 2000).
The infusions also attenuate behavioral responses to nicotine, locomotor stimula-
tion, and intravenous self-administration, which depend upon the stimulation of
mesolimbic DA neurons (Benwell et al. 1995; Coen et al. 2009). Moreover, if an
acute injection of nicotine is followed by another injection within 60–90 min of the
first injection, the influence of the second injection on DA overflow in the accumbal
shell is substantially blunted (Balfour et al. 2000). These data support the con-
clusion that raised plasma nicotine levels result in tolerance to a subsequent chal-
lenge with the drug.

The withdrawal of nicotine, evoked in rats by removing the pumps, also has no
significant effects on extracellular DA in either the accumbal core or shell (Benwell
et al. 1995; Paterson et al. 2007). Thus, the behavioral responses evoked by removal
of the pumps, following a period of constant infusion, do not seem to be associated
with a profound reduction in extracellular DA concentration in the accumbens.
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This is a surprising finding because Grieder et al. (2012) reported that mice, con-
stantly infused with nicotine from an osmotic minipump, showed decreased tonic
but not phasic firing of mesoaccumbens DA neurons and that this was enhanced
when nicotine was withdrawn. This contrasts with the effects of acute nicotine
administration to drug-naïve animals that selectively stimulates the number and
length of phasic burst firing episodes (Zhang et al. 2009). This study also found that
a behavioral measure of nicotine withdrawal (conditioned place aversion) was
related to reduced stimulation of the DA D2 receptors that mediate the responses to
tonic DA release. Zhang and colleagues (Zhang et al. 2012) reported that the
withdrawal of nicotine from mice, treated chronically with the drug in their drinking
water, elicits a reduction in DA release mediated by tonic firing of the neurons. In
this study, however, withdrawal did not exert a selective effect on tonic DA release
although its effects on phasic DA release were less marked. In contrast to the results
with minipumps, in this study nicotine withdrawal also reduced extracellular DA in
the accumbens shell.

The attenuation of the behavioral and DA responses to a nicotine challenge are
consistent with the possibility that sustained exposure to the drug results in
desensitization of the nicotinic receptors that mediate its effects on mesoaccumbens
DA neurons (Balfour et al. 1998; Benwell et al. 1995). This hypothesis is supported
by the results of electrophysiological studies which showed that exposing DA
neurons in the VTA to nicotine results in transient stimulation and then desensi-
tization of the neuronal nicotinic receptors located on these neurons (Pidoplichko
et al. 1997). However, the systemic administration of a nicotinic receptor antagonist
to rats that have been constantly infused with nicotine from an osmotic minipump
reliably depresses the basal levels of DA in the extracellular space of the accumbal
shell (Carboni et al. 2000; Hildebrand et al. 1998; Pidoplichko et al. 1997; Rada
et al. 2001). Similar effects on behavior and the extracellular concentration of DA in
the accumbal shell are also evoked by microinjecting mecamylamine directly into
the VTA (Hildebrand et al. 1998), whereas microinjections of the antagonist into
the nucleus accumbens do not elicit this effect (Hildebrand and Svensson 2000).
Similarly, the microinjection of the more selective neuronal nicotinic receptor
antagonist, dihydro-β-erythroidine, directly into the VTA but not the accumbens
elicits the deficits in brain reward that are also observed following the removal of
the pumps (Bruijnzeel and Markou 2004). These results suggest that the behavioral
and neural tolerance to a nicotine challenge, observed in animals constantly infused
with nicotine, is not solely associated with receptor desensitization but is also likely
to reflect a neuroadaptive increase in the inhibitory control of mesolimbic DA
neurons at the level of the VTA. This possibility is consistent with the evidence,
cited above, that the constant infusion of nicotine results in inhibition to tonic
activity in mesolimbic DA neurons which is enhanced when the drug is withdrawn
(Grieder et al. 2012; Zhang et al. 2012). Reduced DA overflow in the nucleus
accumbens is not universally observed following the withdrawal of other drugs of
dependence and unlikely to be a common feature of drug withdrawal (Crippens
et al. 1993; Crippens and Robinson 1994; Grieder et al. 2012; Zhang et al. 2012).
However, the effects of chronic exposure to psychostimulant drugs on the
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regulation of mesolimbic DA neurons seems to depend upon the chronic regimen
employed. Like nicotine, the abrupt withdrawal of amphetamine or cocaine, fol-
lowing a period of continuous exposure, results in increased brain reward threshold
when measured using intracranial self-stimulation (Cryan et al. 2003; Markou and
Koob 1991). The effects of abrupt drug withdrawal on extracellular DA in the
nucleus accumbens, when the drugs are administered using these treatment regimes,
have not been explored.

In nicotine-withdrawn mice, the acute administration of nicotine by means of an
injection resulted in the extracellular DA levels in the accumbal shell temporarily
returning to control levels (Zhang et al. 2012). Since the chronic treatment with
nicotine depressed basal DA levels in these animals, when expressed as a per-
centage of the baseline value, the responses to the nicotine injection were enhanced
in the withdrawn rats. Benwell and colleagues (Balfour et al. 1996) also found
evidence for sensitization of the DA response to nicotine in the accumbal core that
was statistically significant when measured 2 or 7 days after removal of the pumps.
Moreover, the locomotor response to the nicotine challenge was also significantly
enhanced by nicotine withdrawal, this sensitization achieving statistical significance
within 24 h of removing the pumps.

7 The Implications for Our Understanding
of the Psychobiology of Tobacco Dependence

The data summarized in this chapter support the conclusion that the DA projections
to the nucleus accumbens play a central role in mediating the reinforcing properties
of nicotine that underpin intravenous self-administration of the drug in experimental
animals. Studies employing positron emission tomography to measure the dis-
placement of the DA D1 receptor antagonist [11C]-SCH23390 and the D2 receptor
antagonist [11C]-raclopride have shown that inhaling tobacco smoke also stimu-
lates DA release in the ventral striatum of human brain (Brody et al. 2004; Dagher
et al. 2001; also see chapter entitled Imaging Tobacco Smoking with PET and
SPECT; this volume). A subsequent study showed that the effects of smoking on
DA release, measured using this procedure, are dependent upon the “dose” of
tobacco inhaled (Brody et al. 2010). Thus, inhaling nicotine in the form of tobacco
smoke elicits changes in DA release that resemble those seen in rats given nicotine
injections. The putative significance of these findings to the reinforcing properties
of tobacco smoke is enhanced by the report that pretreating smokers with the D2
receptor antagonist, haloperidol, increased the amount of nicotine inhaled as the
smokers, it was postulated, compensated for the diminished rewarding effects of the
smoke evoked by antagonizing the receptors (Dawe et al. 1995).

However, it seems unlikely the increases in extracellular DA, evoked by nicotine,
provide a complete explanation for the sustained self-administration of nicotine seen
in experimental animals or human smokers because self-administration of the drug
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rapidly leads to the accumulation of blood nicotine levels similar to those required to
attenuate the effects of a nicotine injection on DA overflow in the accumbens
(Balfour et al. 2000; Benwell et al. 1995; Shoaib and Stolerman 1999). Furthermore,
the constant infusion of nicotine from an osmotic minipump, at doses similar to those
employed by Balfour and colleagues, attenuates responding for nicotine in a self-
administration experiment (Coen et al. 2009; LeSage et al. 2003; Paterson and
Markou 2004). The data imply that any effects of inhaled nicotine in tobacco smoke
on DA release in the nucleus accumbens are likely to be substantially blunted as the
plasma concentration of the drug increases during the day and that other non-
DAergic mechanisms reinforce tobacco smoking at these times (Balfour 2009).

In experimental animals, conditioned stimuli closely paired with the delivery of
nicotine also significantly enhance nicotine self-administration and can maintain
nicotine-seeking behavior in the absence of the drug (Caggiula et al. 2001).
Moreover, these stimuli reinstate nicotine-seeking behavior more effectively than
priming doses of nicotine following extinction (Caggiula et al. 2001; LeSage et al.
2004). Caggiula and colleagues suggested that these stimuli may be at least as
important as nicotine in maintaining smoking behavior. Rose and colleagues (2000)
showed that habitual smokers given a de-nicotinized cigarette to smoke reported
that this cigarette significantly reduced craving and was rated significantly more
satisfying and rewarding than the no-smoking condition. These and similar results
led Rose (2006) to hypothesize that, while nicotine plays an essential role in
tobacco dependence, the sensory properties of tobacco smoke are also pivotally
important in tobacco dependence. The stimuli seem to be particularly important for
highly dependent smokers (Brauer et al. 2001). These observations led Balfour
(2009) to suggest that tobacco smoking might best be thought of as a second
schedule of reinforcement in which the primary reinforcing properties of nicotine
are only experienced when the plasma nicotine concentration is low enough to
permit stimulation of DA release in the accumbens (Fig. 4). It is posited that the
increased DA release, evoked by nicotine at these times, is also required to maintain
the salience of conditioned sensory stimuli associated with the delivery of nicotine.
Once the plasma nicotine concentration is raised, the sensory stimulation when
tobacco smoke is inhaled becomes the principal rewarding factor that reinforces the
habit although the attenuation of withdrawal may also play a part. If this hypothesis
is correct, it suggests that smoking throughout the day may represent the optimum
way for an addicted individual to use tobacco (Balfour 2009). Controversially, the
hypothesis also predicts that smokers may continue to find inhaling tobacco smoke
“rewarding” when it is inhaled by people using nicotine replacement therapies, such
as the nicotine patch or gum, that elicit sustained increases in blood nicotine. This
could explain why these forms of nicotine replacement therapy tend to be the least
efficacious (Stead et al. 2012) and why a proportion of smokers using these
pharmacotherapies continue to smoke, albeit at a reduced level (Beard et al. 2013;
Stead and Lancaster 2007).

82 D.J.K. Balfour



7.1 The Role of Mesolimbic Dopamine in Pharmacotherapy
for Tobacco Dependence

A majority of the pharmacological approaches employed to treat tobacco depen-
dence focus primarily on the treatment of nicotine withdrawal and, thereby, facil-
itate successful cessation attempts. This is clearly true for nicotine replacement
therapies. In animal studies, injections of nicotine elicit a temporary attenuation of
the somatic symptoms of withdrawal and its effects on brain reward thresholds
(Epping-Jordan et al. 1998; Kenny and Markou 2001; Malin and Goyarzu 2009;
Malin et al. 1992). Nicotine injections also temporarily reverse the reduction in
extracellular DA observed in the accumbens of mice following the withdrawal of
chronic nicotine (Zhang et al. 2012). Thus, the results of animal studies support the
conclusion that the both the peripheral and central effects of nicotine withdrawal
can be ameliorated by the administration of nicotine. It is important to note,
however, that the animal experiments do not model well the potential effects of
nicotine replacement therapies, such as the nicotine patch, that deliver drug slowly.
Interestingly these preparations tend to be less efficacious than preparations, such as
nicotine nasal or oral sprays, that deliver nicotine to the blood stream more quickly
and may be more similar in their pharmacokinetic profile to a nicotine injection
(Kraiczi et al. 2011; Stead et al. 2012; Sutherland et al. 1992).

The other two principal pharmacotherapies for tobacco dependence are bupro-
pion and varenicline. Bupropion inhibits the neuronal transporters for DA and
noradrenaline and antagonizes the effects of nicotine at nicotinic receptors. It seems
likely that these effects represent the principal mechanisms underpinning the effi-
cacy of the drug as an aid to smoking cessation (Warner and Shoaib 2005). The
administration of low or moderate doses of bupropion enhances nicotine self-
administration in rats. This observation is not unexpected because it is to be

Fig. 4 A proposed second-order schedule of reinforcement for tobacco smoking. This figure
depicts the nature of the reinforcers that rewards smokers when they smoke a cigarette when the
plasma nicotine concentration is low after a period of abstinence (e.g., over night) and during
periods when the plasma nicotine concentration is raised by prior exposure to tobacco smoke
inhaled earlier in the day
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anticipated that the reinforcing properties of nicotine would be enhanced by
potentiating the effects of released DA in the brain (Rauhut et al. 2003; Shoaib et al.
2003). These studies, however, do not adequately model the way in which bu-
propion is used clinically. Therapeutically, bupropion is commonly administered
for two weeks prior to cessation and using a sustained release preparation of the
drug that maintains therapeutic levels of the drug for much of the day (Johnston
et al. 2002). Other studies, therefore, have sought to model this more closely by
infusing bupropion from subcutaneous minipumps to maintain the plasma con-
centration of the drug starting some days prior to nicotine withdrawal. Bupropion
delivered in this way attenuates the somatic symptoms of nicotine withdrawal and
attenuates the deficit in brain stimulation reward evoked by nicotine withdrawal
(Malin et al. 2006; Paterson et al. 2007). Microdialysis studies suggest that this
response to bupropion is not associated with an increase in extracellular DA in the
accumbal shell (Paterson et al. 2007). However, the increase in DA overflow,
evoked by the application of a depolarizing concentration of K+, was enhanced in
the animals treated chronically with bupropion and the drug also attenuated the
modest reduction in evoked DA overflow observed in nicotine-withdrawn rats. The
results, the authors argued, support the hypothesis that the efficacy of bupropion as
an aid to smoking cessation may lie principally with its ability to attenuate the
effects of nicotine withdrawal and depend upon its ability to inhibit the reuptake of
DA in the brain.

The newest and, perhaps, most effective pharmacological intervention for
tobacco dependence is varenicline (Cahill et al. 2012, 2013; Rollema et al. 2007b,
2010). This compound is pharmacologically related to a naturally occurring com-
pound, cytisine, that has been used as an aid to smoking cessation for some years,
mostly in Central and Eastern Europe (Hajek et al. 2013). Like cytisine, varenicline
is a high-affinity partial agonist at the α4β2 subtype of nicotinic receptor but full
agonist at the α7 subtype (Mihalak et al. 2006; Rollema et al. 2007b). Experimental
animals can be trained to self-administer varenicline and injections of the low doses
of the drug enhance brain stimulation reward (Paterson et al. 2010; Rollema et al.
2007a; Spiller et al. 2009). Studies with selective nicotinic receptor antagonists
suggest that these effects are mediated by α4β2 receptors. Injections of varenicline
also stimulate DA overflow in the accumbal shell although the maximum size of the
response is only approximately 50 % of that evoked by nicotine injections (Rollema
et al. 2007a). Studies with genetically modified animals suggest that this response
depends upon the stimulation of α4β2 receptors in the VTA (Reperant et al. 2010).
Thus, reflecting its partial agonist properties at α4β2 receptors, varenicline has
many of the principal psychopharmacology properties of nicotine, but with lower
efficacy. Pretreating animals with varenicline, however, attenuates the effects of a
nicotine injection on DA overflow in the accumbal shell (Rollema et al. 2007a).
Furthermore, pretreatment with varenicline also inhibits nicotine self-administration
and attenuates the reinstatement of nicotine self-administration evoked by a priming
dose of nicotine (O’Connor et al. 2010; Rollema et al. 2007a; Wouda et al. 2011).
These responses to varenicline have also been attributed to its partial agonist prop-
erties at α4β2 receptors. Varenicline, however, does not inhibit the reinstatement
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of nicotine-seeking behavior evoked by exposure to a conditioned cue paired with
nicotine (O’Connor et al. 2010; Wouda et al. 2011), data that imply that its effects on
behavior are related specifically to its interaction with neuronal nicotinic receptors.

8 Conclusions

The data discussed in this chapter have shown that the effects of nicotine on the DA
projections to the nucleus accumbens are very similar to those of other drugs that
are addictive in human beings, especially the psychostimulants, and that the effects
are likely to play an important role in the nicotine dependence. The nucleus ac-
cumbens can be seen as the fulcrum of a complex neural system that integrates the
neural inputs which influence goal direct behavior and economic decision making
(Floresco et al. 2008; Salamone et al. 2012; Schultz 2004; Sesack and Grace 2010).
Many of these neural inputs employ glutamatergic and GABAergic neurons to form
“hard-wired” connections between the various anatomical loci that are implicated in
the regulation of behavior and the nucleus accumbens. The DA projections to the
accumbens may best be seen as having a modulatory influence that permits cues
associated the availability or presentation of rewards to optimize reward outcomes
(Sesack and Grace 2010). Nicotine, like other psychostimulant drugs of depen-
dence, has a direct and marked effect on DA release in the nucleus accumbens. This
has significant effects on the ability of habitual users to relate their behavior
appropriately to drug rewards and to stimuli associated with the availability of the
drug. While it is clear that nicotine acts on the DA projections to the accumbens in a
manner similar to other drugs of dependence, it is also clear that nicotine depen-
dence is relatively weak and cannot explain the powerful addiction to tobacco
experienced by most habitual smokers.

This chapter has focused on the hypothesis that this conundrum may be
explained by the fact that the interactions between nicotine and sensory and spatial
contextual stimuli play a pivotal role in the development of nicotine-seeking
behavior and the development of the addiction to tobacco. The complementary
roles that the shell and the core subdivisions of the accumbens play in mediating the
primary reinforcing properties of nicotine, and the secondary reinforcing properties
of conditioned stimuli associated with delivery of the drug have been emphasized.
The evidence suggests that the reinforcing properties of nicotine are less associated
with the “rewarding” properties of the drug itself but reflect its ability to enhance
the effects that non-drug rewards exert over behavior. The available evidence
suggests that stimuli associated with the availability of nicotine and its adminis-
tration are important mediators of nicotine-seeking behaviors. It seems reasonable
to suggest that existing pharmacotherapies for tobacco addiction are, at best, only
moderately successful probably reflect the fact that they do not address this crucial
aspect of the dependence. Thus, novel therapies for tobacco dependence and relapse
prevention need to focus more on attenuating the effects of these stimuli.
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The evidence that mGluR5 receptor antagonists attenuate both the reinforcing
properties of nicotine per se and the role of conditioned contextual stimuli in
eliciting nicotine-seeking behavior points to a potential novel approach to this
problem. MPEP has too many off-target effects and too short a half-life to be viable
as a therapy for dependence. However, other negative allosteric modulators of the
receptor are now being evaluated for the potential safety and efficacy as treatments
for psychostimulant dependence in humans (Keck et al. 2013). This type of drug,
therefore, may provide a novel approach to the treatment of tobacco dependence.
Interestingly, negative allosteric modulators of the mGluR5 receptor are also
showing promise in the treatment of psychiatric disorders, such as depression and
anxiety, that are significant vulnerability factors for tobacco dependence
(Hashimoto et al. 2013). Thus, the potential efficacy of mGluR5 allosteric modu-
lators in the treatment of tobacco dependence may extend further than their effects
on contextual conditioning to nicotine.

This chapter has focused particularly on the results of laboratory-based experi-
mental studies that have sought to establish the role of mesolimbic DA in the
development of dependence on tobacco smoke. However, the concepts discussed in
the chapter may also be relevant to the psychopharmacology of other recreational
nicotine delivery systems that many people in the field of public health hope will
replace conventional cigarettes. Recent years have seen the introduction of elec-
tronic cigarettes (e-cigarettes). These “cigarettes,” better described as electronic
nicotine delivery systems, deliver nicotine as a heated vapor (Caponnetto et al.
2012). They have the clear advantage that the user does not inhale the toxic
pyrolysis products produced by burning tobacco and substantially reduces any
potential harm to others caused by exposure to second-hand smoke. While, at
present, e-cigarettes are used primarily by people who are current or previous
smokers of conventional cigarettes, they are marketed as an alternative and safer
means of using nicotine recreationally which may also be adopted by people who
have not previously smoked (Dockrell et al. 2013). Little is currently known of the
potential abuse liability of e-cigarettes (Fagerstrom and Eissenberg 2012). Recent
studies, however, suggest that, when experienced users inhale the vapor from e-
cigarettes, they can achieve elevations of plasma nicotine that are rapid and com-
parable to those achieved by smoking a conventional cigarette (Etter and Bullen
2011; Vansickel and Eissenberg 2013). It is reasonable, therefore, to speculate that
these nicotine delivery systems may have similar effects on mesoaccumbens DA
release as those evoked by smoking a conventional cigarette. Moreover, while e-
cigarette users may not be exposed to the complex sensory cues associated with
inhaling tobacco smoke, habitual use of the devices will potentially expose the user
to sensory cues associate with delivery of the vapor and to distal contextual cues
associated with environments in which the device is used (Fagerstrom and Eis-
senberg 2012). Thus, it seems reasonable to suggest that although e-cigarette use is
significantly less harmful than smoking regular cigarettes, their vapor is likely to
retain some of the addictive potential of tobacco smoke. This is an issue that may
need to be considered by regulatory authorities.
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Nicotine Withdrawal

Ian McLaughlin, John A. Dani and Mariella De Biasi

Abstract An aversive abstinence syndrome manifests 4–24 h following cessation
of chronic use of nicotine-containing products. Symptoms peak on approximately
the 3rd day and taper off over the course of the following 3–4 weeks. While the
severity of withdrawal symptoms is largely determined by how nicotine is con-
sumed, certain short nucleotide polymorphisms (SNPs) have been shown to pre-
dispose individuals to consume larger amounts of nicotine more frequently—as
well as to more severe symptoms of withdrawal when trying to quit. Additionally,
rodent behavioral models and transgenic mouse models have revealed that specific
nicotinic acetylcholine receptor (nAChR) subunits, cellular components, and neu-
ronal circuits are critical to the expression of withdrawal symptoms. Consequently,
by continuing to map neuronal circuits and nAChR subpopulations that underlie the
nicotine withdrawal syndrome—and by continuing to enumerate genes that pre-
dispose carriers to nicotine addiction and exacerbated withdrawal symptoms—it
will be possible to pursue personalized therapeutics that more effectively treat
nicotine addiction.

Keywords Nicotine withdrawal � SNP � Behavior � Medial habenula �
Interpeduncular nucleus � Nicotinic subunits

I. McLaughlin � M. De Biasi (&)
Department of Psychiatry, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA 19104, USA
e-mail: marielde@upenn.edu

J.A. Dani � M. De Biasi
Department of Neuroscience, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA 19104, USA

J.A. Dani � M. De Biasi
Mahoney Institute for Neurosciences, Perelman School of Medicine, University
of Pennsylvania, Philadelphia, PA 19104, USA

I. McLaughlin
Neuroscience Graduate Group, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA 19104, USA

© Springer International Publishing Switzerland 2015
D.J.K. Balfour and M.R. Munafò (eds.), The Neuropharmacology of Nicotine
Dependence, Current Topics in Behavioral Neurosciences 24,
DOI 10.1007/978-3-319-13482-6_4

99



Contents

1 Withdrawal Syndrome in Humans .................................................................................... 100
1.1 Symptoms.................................................................................................................. 100
1.2 Genetic Influences..................................................................................................... 100

2 Withdrawal Syndrome in Mice ......................................................................................... 103
2.1 Behavioral Manifestations and Testing Paradigms .................................................. 103

3 Receptors and nAChR Subunits Underlying Withdrawal Symptoms .............................. 106
3.1 Insight from nAChR Subunit KO Mice ................................................................... 106

4 Molecular Mechanisms Involved in the Nicotine Withdrawal Syndrome ....................... 109
4.1 nAChR Upregulation ................................................................................................ 109
4.2 Desensitization of nAChRs....................................................................................... 110

5 Anatomical Structures and Circuits Implicated in Nicotine Withdrawal ......................... 111
5.1 Dopaminergic System ............................................................................................... 111
5.2 Habenular Complex and Interpeduncular Nucleus................................................... 112
5.3 Hippocampus............................................................................................................. 113
5.4 Extended Amygdala .................................................................................................. 113

6 Summary and Research Moving Forward ........................................................................ 114
References ................................................................................................................................ 115

1 Withdrawal Syndrome in Humans

1.1 Symptoms

The Diagnostic and Statistical Manual of Mental Disorders (DSM-5) reports 7 primary
symptoms associated with nicotine withdrawal: irritability/anger/frustration, anxiety,
depressed mood, difficulty concentrating, increased appetite, insomnia, and restless-
ness (American Psychiatric Association 2013). The syndrome might also include
constipation, dizziness, nightmares, nausea, and sore throat. For practical purposes,
nicotine withdrawal symptoms are classified as affective, somatic, and cognitive.
Affective symptoms include anxiety, anhedonia, depression, dysphoria, hyperalgesia,
and irritability. Somatic manifestations include tremors, bradycardia, gastrointestinal
discomfort, and increased appetite. Cognitive symptoms manifest as difficulty con-
centrating and impaired memory (Heishman et al. 2010). This constellation of
symptoms reflects the brain-wide influence of cholinergic transmission. Studies
characterizing the participation of specific nAChRs in signaling during particular
manifestations of withdrawal are helping to reveal their underlying mechanisms
(Paolini and De Biasi 2011).

1.2 Genetic Influences

Nicotine addiction is influenced by both genetic and environmental factors.
Depending on the parameters used to define dependence, and the population con-
sidered, heritability contributes 50–75 % of the risk for dependence (Dokal et al. 1989;
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Hall et al. 2002; Lessov et al. 2004; Furberg et al. 2010; Nugent et al. 2014; also see
chapters entitled Genetics of Smoking Behaviour and Pharmacogenetics of Nicotine
and Associated Smoking Behaviors; volume 23). Risk factors for nicotine dependence
can be identified using genetic methods such as linkage and candidate gene analyses,
as well as genome-wide association studies (GWAS). Linkage analysis assesses the
presence of a phenotype in large, high-risk families to map the location of disease-
causing loci in relation to a known genetic marker. Candidate gene analysis assesses
the association between a particular gene allele (or alleles) potentially involved in the
disease and the disease itself. GWAS, in contrast to candidate gene approaches, do not
limit analyses to relationships between specific genes and a phenotype and aim to
identify loci for novel susceptibility genes. An example of how such genetic approa-
ches can be successfully utilized in nicotine research is the gene cluster on chromo-
some 15q25 that encodes the α5, α3, and β4 nAChR subunits. Gene variants within the
cluster have been repeatedly shown to affect nicotine dependence and smoking
quantity (Saccone et al. 2009). A non-synonymous nucleotide polymorphism (SNP),
rs16969968, which substitutes an aspartic acid for an asparagine (D398N) in the
CHRNA5 region of the cluster, has been associated with reduced receptivity to nAChR
agonists in vitro, reduced neuronal calcium permeability, and more extensive nAChR
desensitization (Jackson et al. 2010). Individuals who are homozygous for this SNP are
more likely to progress to heavy smoking and nicotine dependence (Hartz et al. 2012),
and it has been suggested that the reduction in agonist responsivity and increased
desensitization may contribute to these increased propensities (Jackson et al. 2010).
Apart from the missense rs16969968 variant, there are other SNPs within the
CHRNA5-CHRNA3-CHRNB4 cluster that are relevant to nicotine addiction and
withdrawal, and further biological characterizations are needed to establish the func-
tional consequences of those mutations. Other nAChR genes have also been shown to
influence smoking quantity and nicotine dependence, such as common variants in the
chromosome 8p11 region that contains the genes encoding the α6 and β3 nAChR
subunits (Thorgeirsson et al. 2010). Overall, linkage analyses have highlighted 13
regions on 11 chromosomes that include genes with potential influences on nicotine
dependence (Leeb and Tamse 1985; Li 2008). Genes involved in nicotine metabolism
are also likely important to the nature of nicotine withdrawal. Cytochrome P450 2A6
(CYP2A6) is the enzyme mainly responsible for the conversion of nicotine to cotinine,
which typically accounts for 70–80 % of nicotine metabolism (Hecht et al. 2000). In
subjects of European descent, GWAS meta-analyses identified SNPs in the region of
CYP2A6 associated with the number of cigarettes smoked per day, as well as other
smoking behavior phenotypes (Thorgeirsson et al. 2010).

Genetic factors may also account for 29–53 % of the variance in withdrawal
symptoms and approximately 50 % of the variance in quitting success (Xian et al.
2003, 2005; Pergadia et al. 2006). In a linkage analysis study, a sample of Australian
and Finnish smokers was queried about withdrawal symptoms within the context of a
smoking cessation attempt that they recalled well. The study revealed a linkage signal
that meets genome-wide significance on chromosome 11p15 in the Finnish families
(Pergadia et al. 2009). Four strong candidate genes lie within or near the peak area on
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chromosome 11: dopamine receptor 4 (DRD4), TPH tryptophan hydroxylase
1 (TPH), tyrosine hydroxylase (TH), and nAChR subunit 10 (CHRNA10). A second
region identified by linkage on chromosome 11q23 includes hydroxytryptamine
receptor 3A (HTR3A), hydroxytryptamine receptor 3B (HTR3B), dopamine D2
receptor gene (DRD2), ankyrin repeat and kinase domain containing 1(ANKK1), and
ionotropic kainate glutamate receptor 4 gene (GRIK4). An earlier study reported that
DRD2 TaqI-B polymorphisms influence abstinence and withdrawal symptoms
(Robinson et al. 2007). Smokers carrying the DRD2 TaqI-B1 risk allele (B1/B1 or
B1/B2) reported significantly more symptoms of daily smoking withdrawal com-
pared to smokers homozygous for the TaqI-B2 allele (B2/B2). In addition, while
withdrawal symptoms—measured 14 days pre-quit and 42 days post-quit—
decreased significantly in Taql-B2 homozygous over time, smokers with the TaqI-B1
allele reported little improvement in self-reported withdrawal symptoms.

Several other pharmacogenetic studies, including a couple of genome-wide
association study (GWAS) analyses, have examined genetic influences on smoking
cessation and response to therapy (Leeb and Tamse 1985; Uhl et al. 2007; Furberg
et al. 2010; Gold and Lerman 2012; King et al. 2012; Bloom et al. 2013; Chen et al.
2014). SNPs in CHRNB2 and the CHRNA5-CHRNA3-CHRNB4 cluster seem to
influence smoking cessation, although the reported effects are not always repro-
ducible (Conti et al. 2008; Baker et al. 2009; Perkins et al. 2009; Gold and Lerman
2012; Hartz et al. 2012). The influence of CHRNA5-CHRNA3-CHRNB4 haplotypes
on tolerance, craving, and loss of control seems greatest in individuals who began
smoking early in life, suggesting that the risk associated with those genes is greatest
with early tobacco exposure (Baker et al. 2009). The rs8192475 variant in CHRNA3
was shown to predict withdrawal symptoms and craving after quitting (Sarginson
et al. 2011). The major G allele was associated with stronger but relatively short-
lived symptoms, while the minor A allele resulted in a relatively constant level of
symptoms and craving during the acute phase of withdrawal. The rs8192475 α3
SNP leads to an R37H change in the amino acid sequence that increases agonist
sensitivity of heterologously expressed α3β4 nAChRs (Haller et al. 2012). Rare
missense variants at conserved residues in CHRNB4 (T375I and T91I) are asso-
ciated with reduced numbers of cigarettes per day and fewer signs of withdrawal
(Haller et al. 2012). Similar to the α3 SNP rs8192475, expression of the two β4
mutations in HEK 293 cells leads to larger currents in response to ACh stimulation,
which has been suggested to increase the aversive properties of nicotine.

Similar to what was found for phenotypes related to nicotine dependence, there
are also associations of CYP2A6 enzyme activity and nicotine metabolic rates with
smoking cessation and smoking cessation strategies (Lee et al. 2007; Chen et al.
2014). Individuals carrying the null activity allele, CYP2A6*2, are twice as likely to
quit smoking as subjects without that allele (Gu et al. 2000). Conversely, smokers
with high-activity alleles (CYP2A6*1/*1B) experience more severe withdrawal
symptoms when trying to quit (Kubota et al. 2006).

Currently, the literature suggests that multiple genetic loci influence the severity
of withdrawal symptoms and the ability to abstain from smoking. Such polygenic
contributions overlap, at least in part, with those associated with vulnerability to
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nicotine dependence. Because the majority of published studies was conducted on
relatively small samples, examined different cessation strategies, and did not always
address withdrawal symptoms directly, additional work is needed to yield more
robust and reproducible associations between genes and withdrawal phenotypes.
Once putative genes are identified, it will be critical to assess the potential for
genetic variations to alter biological function and, consequently, nicotine-related
behaviors. Preclinical studies that address both behavior and molecular mechanisms
can help to explain how the changes in DNA sequence are associated with the
behavioral phenotypes observed in smokers. Rodents, and particularly mice, offer
unique opportunities to explore and characterize the relationships between gene
function and nicotine withdrawal. Given the difficulty of effectively characterizing
gene products and circuits responsible for the symptomatology of nicotine with-
drawal in humans, genetic manipulations can be carried out in mice to directly
address the circuits and molecular mechanisms involved.

2 Withdrawal Syndrome in Mice

Many symptoms of nicotine withdrawal described in humans can be recapitulated
in rodent models of addiction and withdrawal under experimental conditions (see
chapter entitled The Role of Mesoaccumbens Dopamine in Nicotine Dependence;
this volume). After at least a week of chronic nicotine administration in mice,
cessation of nicotine exposure or administration of a nAChR antagonist induces
affective, somatic, and cognitive signs of withdrawal (Malin et al. 1994; De Biasi
and Salas 2008). The withdrawal syndrome exhibited can be alleviated by nicotine
administration—akin to nicotine replacement strategies such as nicotine patches or
gum—or by administration of pharmacological agents used as cessation aids in
humans, such as bupropion or varenicline (Rennard and Daughton 2014). Because
mice express neuroadaptations that result in the nicotine withdrawal syndrome, and
because nAChR subunit knockout mouse lines are readily available, researchers
have been able to study the functional contributions of particular nAChR subunits
to specific symptoms of withdrawal.

2.1 Behavioral Manifestations and Testing Paradigms

The nicotine withdrawal syndrome can be studied in mice by observing the fre-
quencies of certain stereotypies, or by evaluating changes in behavior during
withdrawal, relative to baseline behaviors exhibited by control mice naïve to
nicotine (see chapter entitled Behavioral Mechanisms Underlying Nicotine
Reinforcement; this volume). As in humans, the behavioral manifestations of
nicotine withdrawal in mice can be categorized as somatic, affective, and cognitive.
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Somatic symptoms in mice include excessive grooming, chewing, tremors, “wet-
dog” shakes, yawns, and teeth chattering (Paolini and De Biasi 2011). The
occurrence of these symptoms tends to increase according to the severity of
withdrawal. Affective symptoms are somewhat subtler in mice than somatic
symptoms; their evaluation requires a series of behavioral assays to reveal changes
in affect that are associated with withdrawal. Just as humans undergoing nicotine
withdrawal experience anxiety, anhedonia, depression, and hyperalgesia, behavioral
paradigms applied to mice expose analogous affective states. A challenge
researchers face when evaluating rodent affect is that no single paradigm effectively
isolates any one particular affective state. Each measure likely evokes multiple
affective states, unintentionally recruiting off-target neuronal circuits that are out-
side the scope of a given study. However, several behavioral paradigms applied as a
set can help reveal relative differences in affect following experimental treatments.
The emergence of anxiety-like symptoms following nicotine abstinence can be
measured in the open field test (OFT) and the elevated plus maze (EPM), two of the
most commonly employed paradigms in studies evaluating emotional states of
rodents (Crawley et al. 1997). The OFT is conducted by placing a mouse or rat in a
square arena and evaluating the ratio of time rodents spend in the center of the
environment to time spent along its perimeter. As rodents experience increased
anxiety, they tend to avoid the center and spend more time along the walls of the
environment, a behavior termed thigmotaxis. As rodents undergo nicotine with-
drawal, they tend to exhibit increased levels of thigmotaxis. The OFT also enables
researchers to evaluate rearing behavior, overall locomotion, freezing, and changes
in defecation during withdrawal. As a further source of experimental control, levels
of ambient illumination can be adjusted to modulate baseline levels of anxiety. The
EPM consists of two enclosed arms with walls running along their periphery, and
two open arms with no walls that present an environment resembling elevated cliffs
(Crawley et al. 1997). The arms are arranged in the shape of a plus sign, and
anxious mice tend to make fewer entries into the open arms and spend less time in
open arms. Rodents undergoing nicotine withdrawal exhibit both of these anxiety-
associated behaviors, and anxiolytic drugs have been observed to increase open-arm
entries (Crawley et al. 1997).

Conditioned place aversion (CPA) can be used to measure the dysphoric man-
ifestations associated with withdrawal. The paradigm involves repeated pairing of
distinct environmental cues with negative stimuli (i.e., withdrawal), such that when
given a choice, mice avoid the withdrawal-paired cues relative to neutral cues. The
time mice spend avoiding environments paired with withdrawal serves as an
indicator of the severity of aversion (Kenny and Markou 2001). The emergence of
depression-like symptoms during withdrawal can be assessed with the forced swim
test (FST), which assesses learned helplessness by monitoring passive coping
strategies such as immobility (Cryan et al. 2002; Thanos et al. 2013). During
withdrawal, immobility is increased, indicating a depression-like state.

Intracranial self-stimulation (ICSS) is used to investigate the “reward” circuitry
and can be useful to evaluate anhedonia during withdrawal. Electrodes are
implanted into the rodent brain targeted to the medial forebrain bundle, which
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includes the mesolimbic DA pathway associated with hedonia or reward. The
rodent is first trained to perform the operant task of self-stimulation and then is
allowed to self-administer small electrical stimulations to the targeted pathway. As
rodents perform this operant conditioning, the stimulus intensity is experimentally
adjusted to determine the baseline stimulation threshold at which self-stimulation is
consistently achieved and retained. Following the establishment of this threshold,
researchers can explore the effects various stimuli have on brain reward and hedonic
signaling. A lowered threshold resulting from a treatment is suggested to represent
increased reward signaling along the pathway, while a heightened threshold is
interpreted as indicating a state of greater anhedonia (O’Dell and Khroyan 2009).
Animals experiencing nicotine withdrawal display elevated thresholds for ICSS.

The effects of withdrawal on cognition, especially hippocampal-dependent
learning and memory, can be examined with contextual fear conditioning (FC).
Subjects must learn contextual information and form an association between the
context and an aversive electric shock (Fanselow and Poulos 2005; Sigurdsson et al.
2007). Acute nicotine administration enhances contextual FC, while nicotine
withdrawal impairs it (Davis and Gould 2008).

The five-choice serial reaction time task (5-CSRTT), also called operant signal
detection, is a behavioral test used to characterize the effects of treatments on
sustained and divided attention (Robbins 2002). The task consists of a maze that
presents five holes, each of which may be paired with a reward. A brief flash of light
inside one of the holes indicates the one that contains a reward, and rodents must
poke the correct hole to receive the reward. This task quantifies the capability of
rodents to maintain spatial attention that has been split among five locations over
the course of many trials by dividing the proportion of correct nose-pokes (pokes
into the lit hole) by total nose-pokes. While nicotine administration has been
observed to generate cognitive enhancements, rats withdrawing from nicotine have
been observed to exhibit attention deficits in the 5-CSRTT paradigm (Shoaib and
Bizarro 2005), reflecting some of the symptoms that human smokers report while
undergoing withdrawal.

While these rodent behaviors may reflect symptoms of the human withdrawal
syndrome, the neuronal circuits recruited during experimental paradigms remain
largely unknown. Differences in the behavioral outputs between animals undergoing
withdrawal and control subjects can help reveal the circuits nicotine withdrawal
impinges upon, as each behavioral test offers unique environmental stimuli and
engages specific neuronal circuits (Wahlsten 2010). The integration of mice genet-
ically modified to carry nAChR null [knockout (KO)] or SNP-related mutations into
behavioral research has introduced a finer level of resolution to the characterization of
the neuronal basis of withdrawal. By examining how eliminating signaling contri-
butions from specific receptor subunits affects behavioral outcomes, researchers can
determine which receptor subunits are necessary for the expression of certain nicotine
withdrawal symptoms. Additionally, the genetic differences that distinguish each
inbred strain of mice have important consequences for behavior, as each strain is
characterized by a unique repertoire of consistent behavioral traits (Crawley 1996,
2008; Krackow et al. 2010; Matsuo et al. 2010). As these differences can translate to
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increased or decreased detectability of behavioral changes induced by withdrawal, it
is prudent to establish which strain is most sensitive to the hypothesized behavioral
changes in question (Bailey et al. 2006; Crawley 2008; Lalonde and Strazielle 2008;
Wahlsten 2010).

3 Receptors and nAChR Subunits Underlying Withdrawal
Symptoms

3.1 Insight from nAChR Subunit KO Mice

Ultimately, the development of enhanced therapeutics that effectively promote
smoking cessation with minimal side effects will result from the identification of
particular receptor subunit compositions that are necessary for the expression of
withdrawal symptoms. Mouse models carrying nAChR null mutations are helping
to identify the nAChR subtypes responsible for the various symptoms of nicotine
withdrawal.

In rodents, α2 mRNA levels are highest in the interpeduncular nucleus (IPN),
with more restricted expression in scattered neurons within the amygdala, hippo-
campus, cortex, retina, spinal cord, and cerebellum (Lotfipour et al. 2013). Analyses
of withdrawal symptoms in α2 KO mice have shown that the physical manifesta-
tions of nicotine abstinence are context-dependent, as α2 KO mice exhibit more
somatic symptoms of withdrawal in novel environments (Lotfipour et al. 2013), but
display no somatic signs of withdrawal in habituated environments (i.e., the home
cage) (Salas et al. 2009). Additionally, the lack of α2 is sufficient to abolish somatic
symptoms of precipitated nicotine withdrawal (Salas et al. 2009). In male mice,
Chrna2 deletion also produces nicotine withdrawal-induced deficits of cued FC
(Lotfipour et al. 2013). α2 KO mice also self-administer higher doses of nicotine
than WT controls (Lotfipour et al. 2013). It should be noted that in a study of
European Americans and African-Americans, CHRNA2 showed a strong associa-
tion with the Fagerström Test for Nicotine Dependence (FTND) after correction for
multiple testing (Wang et al. 2014). The rs2472553 SNP, which seems to have the
strongest association with nicotine dependence, encodes a functional variant in the
signal peptide, which leads to a threonine-to-isoleucine amino acid substitution at
residue 22. In oocytes, the T22I mutation changes the sensitivity to nicotine of
α2β4-containing nAChRs (Dash et al. 2014).

The α3 nAChR subunit is encoded by CHRNA3, one of the genes in the chro-
mosome 15q25 cluster that has shown the most robust association with smoking
behavior and nicotine dependence. α3 forms functional nAChR complexes with α5
and β4, the other two subunits encoded by CHRNA5-CHRNA3-CHRNB4. These
subunits are densely expressed in the medial habenula (MHb) and IPN (Grady et al.
2009). Due to developmental abnormalities—including bladder enlargement and
infection, urinary stones, and difficult urination—α3 KO mice survive birth,
but exhibit severely impaired growth and perinatal mortality (Xu et al. 1999).
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This phenotype has rendered evaluation of the subunit’s potential involvement in
withdrawal symptomatology impractical in α3 null mice. However, pharmacological
data suggest that receptors comprising the α3 and β4 nAChR subunits influence both
nicotine reward and somatic manifestations of withdrawal (Jackson et al. 2013). AuIB,
an α-conotoxin peptide that potently blocks α3β4 nAChRs (Luo et al. 1998), dose-
dependently inhibits nicotine elicited reward as measured in the conditioned place
preference paradigm. The α-conotoxin also reduces somatic signs of withdrawal and
withdrawal-induced hyperalgesia, while it has no effect on the aversive motivational
component of withdrawal as measured in the CPA paradigm (Jackson et al. 2013).

α5-containing nAChRs are expressed in various brain areas implicated in the key
effects of nicotine, including ventral tegmental area (VTA), MHb, IPN, hippo-
campus, and cortex (Salas et al. 2003a). α5 KO mice do not display physical
symptoms associated with both spontaneous and mecamylamine-precipitated nic-
otine withdrawal (Salas et al. 2009) nor withdrawal-induced hyperalgesia (Jackson
et al. 2008). The MHb/IPN pathway plays a crucial role in mediating the physical
manifestations of nicotine withdrawal and is the likely location of the effects of α5-
containing nAChR on this phenotype (Salas et al. 2009). Acute nicotine application
to MHb slices enhances the intrinsic excitability of MHb neurons (Dao et al. 2014).
This dynamic depends on the presence of α5-containing nAChRs within the MHb
and the release of neurokinins (Dao et al. 2014), as such enhancement of excit-
ability was prevented by bath application of neurokinin 1 (NK1) or NK3 receptor
antagonists. In addition, infusion of the same NK receptor antagonists into the MHb
of mice chronically treated with nicotine precipitated somatic signs of nicotine
withdrawal (Dao et al. 2014). Microinjection of neurokinin receptor antagonists into
adjacent anatomical structures, including the lateral habenula (LHb), failed to elicit
behavior resembling withdrawal. Similarly, microinjection of the NK1 and/or NK3
antagonists into the MHb of nicotine-naïve mice failed to generate somatic
symptoms of withdrawal. It was concluded that interactions between cholinergic
and neurokininergic systems contribute to the emergence of nicotine withdrawal
symptoms (Dao et al. 2014). The α5 null mutation does not appear to influence
affective symptoms such as withdrawal-induced CPA (Jackson et al. 2008). The
same study reported that α5 KO mice do not display increased anxiety levels in the
EPM during withdrawal (Jackson et al. 2008). However, interpretation of those data
is not straightforward, as Chrna5 deletion reduces anxiety in the EPM in basal
conditions independent of nicotine treatment (Gangitano et al. 2009). It has also
been shown that α5-containing nAChRs do not regulate the reward-inhibiting
effects induced by nicotine withdrawal in the ICSS paradigm (Fowler et al. 2013),
suggesting that the receptors do not influence anhedonia.

The α6 subunit also appears to play a role in the nicotine withdrawal syndrome.
DA release in the NAcc following nicotine administration is regulated in part by α6-
containing (α6*) nAChRs on DAergic terminals in the dorsal and ventral striatum
(Exley et al. 2008) and DAergic somata in the VTA (Grady et al. 2007; Zhao-Shea
et al. 2011). Intracerebral infusion of a selective antagonist of α6β2* nAChR blocks
CPA and withdrawal-precipitated anxiety-like behavior in the EPM (Jackson et al.
2009). There was no influence on the somatic symptoms of withdrawal, suggesting
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a selective role for α6 nAChR subunits in the affective manifestations of withdrawal
(Jackson et al. 2009).

Unlike most other subunits, α7 nAChR subunits are capable of forming homo-
meric receptors that are broadly distributed in the brain. The hyperalgesia symp-
toms that emerge during mecamylamine-precipitated withdrawal are reduced in α7
KO mice (Grabus et al. 2005). In contrast to wild-type mice, α7 null mice failed to
exhibit elevated ICSS thresholds during nicotine withdrawal between 3 and 6 h
after their last nicotine exposure (Stoker et al. 2012). When the anhedonic affective
state was evaluated between 8 and 100 h after nicotine withdrawal, ICSS thresholds
were equally elevated in α7 WT and null littermates, indicating that a lack of α7
nAChR subunits delays, rather than abolishes, withdrawal symptoms. As for the
physical signs of abstinence, α7 null mice exhibit significantly reduced withdrawal
symptoms immediately after precipitation of withdrawal by mecamylamine injec-
tion (Salas et al. 2007). However, their physical signs are indistinguishable from
those of WT mice when measured at later times, up to 48 h after withdrawal
(Jackson et al. 2008; Stoker et al. 2012).

β2 KO mice exhibit levels of somatic signs of withdrawal and abstinence-
induced hyperalgesia comparable to those of WT mice (Salas et al. 2004). How-
ever, the mutant mice do not exhibit anxiety-related behaviors normally associated
with withdrawal from chronic nicotine exposure (Jackson et al. 2008). Overall,
these results suggest participation of β2 nAChR subunits in the signaling respon-
sible for affective, but not somatic, symptoms of nicotine withdrawal. α6β2*
nAChRs are expressed in the VTA and ventral striatum and are associated with
reward and addiction, but they are not expressed peripherally. Therefore α6β2*
nAChRs may represent viable targets for the treatment of affective symptoms
experienced during nicotine withdrawal. Indeed, a non-nicotine pharmaceutical
currently FDA approved for the treatment of smoking cessation, varenicline, acts as
a partial agonist at α6β2* nAChRs (Grady et al. 2010; Bordia et al. 2012).

While sequence variants associated with smoking behavior lie within the regions
that harbor the CHRNB3-CHRNA6 genes on chromosome 8p11 (Thorgeirsson et al.
2010), no preclinical data are available on the effects of the β3 null mutation on
nicotine-related behavior. However, it has been determined that β3 KO mice exhibit
lower baseline levels of anxiety-related behavior in three different paradigms
(Booker et al. 2007). As reported for the α5 KO mice (Gangitano et al. 2009), β3
KO mice have altered hypothalamic–pituitary–adrenal axis responses (Booker et al.
2007). Changes were also reported for locomotor activity and prepulse inhibition of
acoustic startle, behaviors that are controlled, at least in part, by nigrostriatal and
mesolimbic dopaminergic activity (Cui et al. 2003). As β3 mRNA is detected in the
substantia nigra, VTA, and medial habenula (Cui et al. 2003), it is tempting to
attribute the anxiolytic phenotype to MHb mechanisms and the locomotor pheno-
type to nigrostriatal mechanisms.

β4 KO mice exhibit no somatic signs of nicotine withdrawal or hyperalgesia
following mecamylamine-induced withdrawal (Salas et al. 2004). Similar results
were found for β4 KO mice undergoing spontaneous withdrawal from chronic
nicotine administration (Stoker et al. 2012). In addition, β4 KO mice do not display
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anhedonia-like symptoms during withdrawal, as identified by unchanged intracra-
nial self-stimulation thresholds (Stoker et al. 2012). The reported phenotypes likely
reflect an involvement of different subtypes of β4* nAChRs. α3β4* nAChRs are the
most likely contributors to physical components of withdrawal given the high levels
of expression of α3 and β4 mRNA in the MHb, and the fact that the α3β4-selective
α-conotoxin AuIB blocks the emergence of somatic signs of withdrawal (Jackson
et al. 2013). Because AuIB does not interfere with the affective symptomatology of
withdrawal in the EPM and CPA paradigms, α6β4* nAChRs might be involved.
Indeed, a transgenic mouse model that overexpresses β4 nAChR subunits exhibits
altered nicotine consumption and CPA (Frahm et al. 2011), and there is a docu-
mented role for α6* nAChRs in withdrawal-induced CPA (Jackson et al. 2009).

4 Molecular Mechanisms Involved in the Nicotine
Withdrawal Syndrome

4.1 nAChR Upregulation

Long-term exposure to nicotine leads to an increase, or upregulation, of nicotine-
binding sites in the brain of smokers (Benwell et al. 1988) and rodents subjected to
repeated nicotine administrations (Marks et al. 1983). The increased pool of
nAChRs arising from chronic nicotine exposure may drive symptoms associated
with the nicotine withdrawal syndrome (Turner et al. 2011; Gould et al. 2012) and
might impact the ability to maintain abstinence in the clinical population (Staley
et al. 2006). Using a radioligand with specificity for β2-containing nAChRs, which
enabled the use of single-photon emission computed tomography (SPECT) (Staley
et al. 2006), it was found that chronic smokers have more cortical, striatal, and
cerebellar β2* nAChRs than non-smokers (Staley et al. 2006). Furthermore, β2*
nAChRs in the anterior cingulate and frontal cortex were significantly correlated
with the number of days following cessation of smoking. This was interpreted as a
progressive increase of the number of β2* nAChRs in proportion to the number of
consecutively abstinent days. In addition, a significant negative correlation was
observed between β2* nAChR availability in the post-central gyrus or somato-
sensory cortex and the urge to relieve withdrawal symptoms by smoking (Staley
et al. 2006). Similarly, in rodents, nAChR upregulation in the dorsal hippocampus
was associated with withdrawal-related deficits in hippocampal learning (Gould
et al. 2012; Portugal et al. 2012).

A variety of cellular processes influence receptor upregulation (Govind et al.
2009; Rezvani et al. 2009, 2010; Henderson et al. 2014). Receptors containing the
β2 subunits are particularly sensitive to nicotine-induced upregulation. If β4
replaces β2 subunits in either α3* or α4* nAChRs, receptor upregulation is sig-
nificantly reduced (Wang et al. 1998; Sallette et al. 2004). As replacement of β2 by
β4 is sufficient to increase nAChR levels at the plasma membrane in the absence of
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nicotine, the proposed “chaperoning” function of nicotine might not be as effective
(Srinivasan et al. 2011; Henderson et al. 2014). The presence of an accessory
nAChR subunit in the receptor complex can also influence nicotine-induced
upregulation. For example, the presence of α5 renders α4β2* nAChRs insensitive to
nicotine-induced upregulation (Mao et al. 2008). Conversely, co-expression of β3
increases α6β2 and α6β4 receptor levels and enhances nicotine-induced upregula-
tion of α6β2β3 receptors compared to α6β2 receptors (Tumkosit et al. 2006). The
effects of β3 on receptor trafficking and upregulation may help explain why in the
striatum α6-containing receptors without β3 are downregulated by nicotine, while
those containing β3 are unaffected (Perry et al. 2007).

4.2 Desensitization of nAChRs

While some combinations of nAChR subunits render receptor complexes more prone
to upregulation than others, desensitization is a prominent mechanism that contributes
to this upregulation (Fenster et al. 1999). As nicotine has a half-life in humans of 2 h
or more, nicotine accumulates during a day of regular smoking to reach steady-state
plasma concentrations typically ranging between 10 and 50 ng/mL (Graham et al.
2007). This long-lasting level of nicotine ensures that high-affinity nAChRs recur-
rently bind and unbind nicotine throughout the day (Picciotto et al. 2008). Conse-
quently, receptors undergo transitions between different conformations in response to
ligand binding and dissociation, and agonists will tend to stabilize particular con-
formations. Because desensitized nAChR conformations have a higher affinity for
agonist, nAChRs will increasingly adopt desensitized conformations in response to
chronic nicotine exposure (Quick and Lester 2002; Picciotto et al. 2008). It has been
suggested that receptor desensitization may be a major contributor to the upregulation
observed in chronic users of nicotine-containing products (Benowitz 2008). As the
usage patterns of regular smokers result in persisting levels of circulating nicotine
over the course of the day, nAChR desensitization occurs in response to ongoing
occupancy of CNS nAChRs. For example, working with 11 tobacco-dependent
individuals using a radiotracer developed to image α4β2* nAChRs with positron-
emission tomography (PET), it was found that regular smokers approach complete
saturation of CNS α4β2* nAChRs throughout the day (Brody et al. 2006). After
2 days of abstaining from smoking, participants’ cravings were reduced only once
nAChRs were again nearly saturated. It is important to note that rates of desensiti-
zation are not necessarily equivalent across all nAChR subunit combinations. For
example, inclusion of the α5 subunit into α4β2* nAChRs decreases the extent of
desensitization (Bailey et al. 2010).

When considering the implications of receptor upregulation and desensitization
for symptoms of nicotine withdrawal, kinetics characterizing the two dynamics may
present critical processes by which withdrawal signaling occurs. In fact, nAChRs
recover from desensitization on the scale of seconds to hours (Gentry and Lukas
2002). Additionally, studies have demonstrated that upregulation of nAChR
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expression can persist for several days following termination of chronic nicotine
(Pietila et al. 1998; Staley et al. 2006). Accordingly, as the rates of desensitization
and recovery from receptor upregulation during nicotine withdrawal are incon-
gruent, a physiological landscape is established in which there are more receptors
expressed than would be present in nicotine-naïve individuals, and these receptors
are less responsive to agonist binding. When nicotine levels are low or absent, the
nAChRs recover from desensitization, leading to potentially overactive cholinergic
signaling. This process represents a major factor in the neurobiology of nicotine
withdrawal (Dani and Heinemann 1996). Considering this dynamic, Gould and
colleagues (Gould et al. 2012) have proposed a pharmacological strategy of treating
hypersensitive nAChR systems with compounds that maintain receptor desensiti-
zation, or diminish cholinergic signaling while avoiding upregulation and activa-
tion, to alleviate the negative impact of withdrawal.

5 Anatomical Structures and Circuits Implicated
in Nicotine Withdrawal

Given the diversity of symptoms manifested during nicotine withdrawal, a con-
stellation of anatomical structures is likely involved in its etiology. Different ana-
tomical structures in the CNS express distinct populations of nAChRs. The variety
of nAChRs, combined with the specificity determined by afferent/efferent projec-
tions, produces the distinct neurochemistry and signaling that underlies the with-
drawal syndrome. Evaluating changes in behavior relative to WT controls upon
removal of particular nAChR subunits has been crucial to characterizing the con-
tributions that each subunit makes to the withdrawal syndrome. If a withdrawal
symptom exhibited by wild-type mice is absent in mice that lack functional
expression of a specific nAChR subunit in a particular CNS structure, the specific
subunit is likely critical to the withdrawal symptom in question. By performing
these kinds of experiments, neuronal circuits contributing to the withdrawal syn-
drome will continue to be defined, and viable targets to enable the development of
more specific therapeutics will be identified. Thus far, several brain structures have
been already implicated in the withdrawal syndrome.

5.1 Dopaminergic System

The mesocorticolimbic dopamine (DA) system has been identified as critical to the
development of addictive behaviors, and DA signaling is involved in reward-based
reinforcement of drug-derived behaviors. While the DAergic VTA has been widely
implicated in the rewarding aspects of addictive drugs, it has also been shown to
participate in the signaling of aversion and lack of expected reward (Schultz et al. 1998;
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Ungless et al. 2004; Tobler et al. 2007; DeBiasi andDani 2011). Dopaminergic deficits
in the mesolimbic pathway, particularly in the nucleus accumbens, are among the
neurochemical mechanisms underlying the symptoms of nicotine withdrawal (Hilde-
brand et al. 1998; Carboni et al. 2000; Rada et al. 2001). Such deficiencies in accumbal
dopaminergic transmission are believed to contribute to the aversive anhedonic or
dysphoric state experienced during nicotine abstinence (Koob and Le Moal 2008;
Zhang et al. 2012). A reduction in basal DA levels was observed to linger for at least
5 days in mice following 12 weeks of chronic nicotine treatment (Zhang et al. 2012).
This change in DA activity during withdrawal was correlated with a reduced modu-
latory influence by β2* nAChRs over DA release in the NAcc. What causes the
hypodopaminergic state associated with withdrawal is not yet clear. However,
increased inhibitory input to the VTA is a potential mechanism, as GABA input is
sufficient to suppress burst firing even with excitatory inputs intact (Lobb et al. 2010;
Jalabert et al. 2011). GABAergic inputs arrive at the VTA from the substantia nigra
pars reticulata, nucleus accumbens, ventral pallidum/globus pallidus, laterodorsal
tegmentum, pedunculopontine nuclei, diagonal band of Broca, bed nucleus of the stria
terminalis, and the caudal tip of the VTA, termed the rostromedial tegmental nucleus
(RMTg) (Geisler and Zahm 2005; Jhou et al. 2009; Kaufling et al. 2009). Activity in
the RMTg increases upon exposure to aversive stimuli and decreases upon exposure to
reward stimuli, representing inversely correlated signaling patterns (Hong et al. 2011).

5.2 Habenular Complex and Interpeduncular Nucleus

The habenular complex, comprising the lateral (LHb) and medial (MHb) nuclei, is a
diencephalic, epithalamic structure located ventrally along the dorsal third ventricle
(Dani and De Biasi 2013). The habenula has been demonstrated to participate in the
signaling underlying fear, anxiety, depression, and stress (Viswanath et al. 2013).
The LHb sends excitatory glutamatergic projections to the RMTg and is a major
component of the circuit underlying negative reward (Dani and De Biasi 2013).
Additionally, the cholinoceptive cellular population within the medial habenula
(MHb) has been associated with the aversive effects of nicotine (Fowler et al. 2011).
The most prominent efferent output from the MHb is to the IPN via the fasciculus
retroflexus, forming the MHb–IPN axis. Through this projection, the MHb releases
acetylcholine (ACh), substance P (SP), and glutamate onto the IPN (Zhao-Shea
et al. 2013). The MHb also hosts the expression of norepinephrine (NE), serotonin,
ATP, and several neuropeptides (Dao et al. 2014). The IPN is located in the ventral
midbrain, with the VTA and median raphe nucleus located dorsally.

Mice chronically treated with nicotine exhibit symptoms of withdrawal upon
microinjection of mecamylamine into the MHb and IPN, but fail to manifest
withdrawal symptoms when mecamylamine is injected to the cortex, hippocampus,
or VTA (Salas et al. 2009). Furthermore, lidocaine infusion into the MHb to inhibit
signaling significantly blocks the manifestations of somatic symptoms resulting
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from both mecamylamine-precipitated and spontaneous induction of nicotine
withdrawal (Zhao-Shea et al. 2013). Following precipitated nicotine withdrawal in
WT mice, there are elevated markers of neuronal activation in GABAergic IPN
cells (Zhao-Shea et al. 2013). The involvement of the IPN in the manifestation of
nicotine withdrawal symptoms was demonstrated by expression of channelrho-
dopsin (ChR2), a light-driven excitatory ion channel, in the GABAergic cells of the
IPN (Zhao-Shea et al. 2013). Additionally, infusion of an α3β4* nAChR-selective
antagonist into the IPN elicited somatic withdrawal signs in nicotine-naïve mice and
an even greater number of total symptoms in mice chronically treated with nicotine
(Zhao-Shea et al. 2013). Considered together, these data strongly implicate the
MHb–IPN circuit in the nicotine withdrawal syndrome. As previously discussed,
the α5, α3, and β4 nAChR subunits participate in withdrawal symptomatology.
They are each densely expressed in the MHb and/or IPN (Salas et al. 2003b, 2004)
and are potential targets for treatments of the nicotine withdrawal syndrome (Grady
et al. 2009).

5.3 Hippocampus

The hippocampus is a crucial structure for the manifestation of cognitive deficits
during nicotine withdrawal. Contextual FC is dependent upon hippocampal sig-
naling (Davis et al. 2005), and during spontaneous withdrawal from nicotine, mice
exhibit deficient contextual FC relative to saline-treated controls (Davis et al. 2005).
Administration of nicotine to mice undergoing withdrawal ameliorates this deficit
(Davis et al. 2005). This effect was not attributable simply to a lowered threshold of
fear responses inherent to the effects of nicotine because cued FC was equivalent
between nicotine-treated and nicotine-naïve groups. Similar deficits of contextual
fear learning were observed when a nAChR antagonist (dihydro-β-erythroidine)
was infused into the hippocampus of WT mice chronically treated with nicotine
(Davis and Gould 2009). The work also implicated β2* nAChRs in the manifes-
tation of memory-associated deficits during nicotine withdrawal. Furthermore,
chronic nicotine treatment upregulated a variety of nAChRs in the hippocampus,
and the duration of β2 subunit upregulation relative to other nAChR subunits most
closely corresponded to the total duration of memory-associated withdrawal
symptoms (Gould et al. 2012).

5.4 Extended Amygdala

The bed nucleus of the stria terminalis (BNST), central nucleus of the amygdala
(CeA), and shell of the nucleus accumbens (NAc-Sh) form the extended amygdala, an
anatomically and neurochemically interconnected system located in the basal fore-
brain (Smith and Aston-Jones 2008). The system has been implicated in stress-related
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components of drug withdrawal and is a site of interaction between corticotropin-
releasing factor (CRF) and NE transmission. Nicotine withdrawal leads to an increase
in CRF in the CeA, and blockade of CRF1 receptors diminishes nicotine withdrawal-
induced anxiety-like behavior (George et al. 2007). The CRF/CRF1 receptor sig-
naling in the CeA also mediates nicotine withdrawal-induced increases in nociceptive
sensitivity in rats that are dependent on nicotine (Baiamonte et al. 2014).

Given the polygenic nature of nicotine addiction, many other mechanisms and
many other brain areas are likely to influence the manifestations of withdrawal.
Preclinical research is increasingly benefitting from the information coming from
genetic studies and pharmacogenetic trials, and the speed of discovery is destined to
increase in the coming years.

6 Summary and Research Moving Forward

Individuals undergoing nicotine withdrawal experience both affective and somatic
symptoms beginning between 4 and 24 h after ceasing intake. The syndrome is
most severe in the first week, but it can persist for longer periods of time. During
this time, relapse is incentivized by the ability of nicotine to alleviate or abolish
withdrawal symptoms. In addition, there are cognitive deficits that manifest during
nicotine withdrawal, including difficulty concentrating, increased reaction times in
tasks requiring sustained attention, and impaired episodic and working memory
(Myers et al. 2008; Wesnes et al. 2013). Knowledge of the molecular mechanisms
that govern the emergence and intensity of withdrawal symptoms, and elucidation
of the genetic variants associated with successful smoking cessation, will facilitate
the development of personalized treatments.

New techniques in neuroscience are enabling researchers to ask previously
unapproachable questions regarding which genes, circuits, and neurochemical
systems mediate and modulate different aspects of addiction and withdrawal. Using
transgenic mouse lines or viral delivery, designer receptors [DREADDs (Rogan and
Roth 2011)] and light-driven ion channels [opsins (Yizhar et al. 2011)] can be
expressed in particular anatomical structures or in particular neuronal types. These
genetically targeted receptors and ion channels can be used to control the activities
of specific circuits and populations of neurons in freely behaving mice. When
combined with receptor KO mice, or with the delivery of nAChRs derived from
specific human SNPs, these techniques enable researchers to manipulate neuronal
activity while monitoring the dynamics of withdrawal-related behaviors.

Genetic studies of nicotine dependence and smoking cessation have identified
several risk factors using GWAS, candidate gene approaches, and pharmacogenetic
analyses. These studies provide targets that can be validated with large population
samples and across ethnicities. Once putative genes are identified, hypotheses of the
functional roles of such candidate genes can be tested in preclinical animal models.
The functional consequences of some SNPs can be addressed relatively easily if the
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SNPs are non-synonymous coding variants. The best example is provided by
rs16969968, the SNP that leads to an aspartic acid for an asparagine substitution
(D398N) in CHRNA5 (Jackson et al. 2010). The impact of the mutation that defines
the risk allele has been validated repeatedly in vitro and in animal models
(Kuryatov et al. 2011; Morel et al. 2014). For many of the SNPs, however, there is
no change in protein sequence, and therefore, it is harder to formulate clear func-
tional hypothesis. Candidate SNPs can have a multitude of biochemical functions,
such as altering DNA methylation, histone modification, or accessibility of DNA to
transcription factor binding that can impact when, where, and how much a gene,
and its protein, is expressed. Fortunately, analytical tools, such as the Encyclopedia
of DNA Elements (ENCODE), can help the design of experiments that explore
disease-related variants located within non-coding regions (Siggens and Ekwall
2014). Increasing attention is being paid to the functional analysis of rare variants,
as common variants can explain only a small percentage of the variance in
smoking-related phenotypes. More work is necessary at the bench and in the clinic,
as a collection of genes likely operates collectively to predispose or protect indi-
viduals to or from nicotine addiction and withdrawal. Ultimately, this increased
capability to comprehensively characterize the etiology of withdrawal symptoms
will inform more competent and efficient drug design. The future undoubtedly
holds greater development of pharmacological nicotine cessation therapeutics.
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Neurobiological Bases
of Cue- and Nicotine-induced
Reinstatement of Nicotine Seeking:
Implications for the Development
of Smoking Cessation Medications

Astrid K. Stoker and Athina Markou

Abstract A better understanding of the neurobiological factors that contribute to
relapse to smoking is needed for the development of efficacious smoking cessation
medications. Reinstatement procedures allow the preclinical assessment of several
factors that contribute to relapse in humans, including re-exposure to nicotine via
tobacco smoking and the presentation of stimuli that were previously associated
with nicotine administration (i.e., conditioned stimuli). This review provides an
integrated discussion of the results of animal studies that used reinstatement pro-
cedures to assess the efficacy of pharmacologically targeting various neurotrans-
mitter systems in attenuating the cue- and nicotine-induced reinstatement of
nicotine seeking. The results of these animal studies have increased our under-
standing of the neurobiological processes that mediate the conditioned effects of
stimuli that trigger reinstatement to nicotine seeking. Thus, these findings provide
important insights into the neurobiological substrates that modulate relapse to
tobacco smoking in humans and the ongoing search for novel efficacious smoking
cessation medications.
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1 Introduction

The negative impact of tobacco consumption on health remains one of the most
urgent health issues (Alberg et al. 2014) because the global number of tobacco
smokers continues to steadily increase (Ng et al. 2014). Although the health risks
associated with tobacco smoking are greatly reduced by the cessation of tobacco
consumption, fewer than 5 % of all quit attempts result in lifelong abstinence from
tobacco smoking (Hughes et al. 2004). The vast majority of current smokers have
considered or undertaken at least one quit attempt. Specifically, a recent survey of
tobacco smokers in the USA reported that two-thirds of the respondents wished to
quit their harmful habit and that over half of the respondents had undertaken one
quit attempt in the previous year (Centers for Disease Control and Prevention
2010). However, despite the currently available smoking cessation medications and
behavioral intervention treatments, an estimated half of smokers failed to quit their
habit, despite multiple quit attempts during their lifetime (Centers for Disease
Control and Prevention 2000). Relapse to tobacco seeking is thus one of the most
defining features of tobacco dependence. To decrease relapse rates, the identifica-
tion of novel pharmacological targets is needed. The development of these novel
pharmacological targets in the treatment of tobacco dependence requires the use of
procedures in experimental animals that mimic aspects of relapse in humans.

Nicotine is the main psychoactive ingredient in tobacco (Stolerman and Jarvis
1995). Therefore, experimental animal research that focuses on identifying phar-
macological targets for novel smoking aids primarily assesses the effects of nico-
tine. The reinstatement procedure is one of the most widely used tools for screening
the effects of pharmacological compounds on “relapse” to nicotine seeking in
animals. The reinstatement of nicotine-seeking behavior is broadly defined as the
continuation of the behavioral response that previously resulted in nicotine delivery
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after noncontingent exposure to nicotine (nicotine-induced reinstatement) or the
presentation of stimuli (e.g., cue light illumination and sounds associated with
activation of the pump that delivers nicotine) that were previously associated with
nicotine administration (cue-induced reinstatement) after a period of abstinence. In
the reinstatement procedure, animals are allowed to self-administer nicotine for a
prolonged period of time before undergoing extinction training. During extinction
training, the animals are placed in the chambers where they were previously
allowed to intravenously self-administer nicotine, while nicotine and its conditioned
cues are withheld. Alternatively to extinction training, animals may also undergo a
period of forced abstinence. During this period of abstinence, also referred to as the
incubation of nicotine seeking (Abdolahi et al. 2010; Bedi et al. 2011), the animals
remain in their home cages during the withdrawal period. Nicotine seeking in
animals can then be reinstated by manipulations that have been associated with
relapse in human smokers. Conditions that induce relapse to tobacco smoking in
humans include tobacco smoking itself, conditioned cues, and stress (Doherty et al.
1995). In parallel to humans, rodent studies have shown that noncontingent nicotine
administration (Dravolina et al. 2007), conditioned cues (Paterson et al. 2005), and
stress (Bruijnzeel et al. 2009) all induce the reinstatement of nicotine-seeking
behavior (see chapters entitled Behavioral Mechanisms Underlying Nicotine
Reinforcement and The Role of Mesoaccumbens Dopamine in Nicotine
Dependence; this volume). Importantly, the overlap in factors that induce relapse
in humans and reinstatement in experimental animals suggests good etiological
validity for the reinstatement model.

Predictive validity for the reinstatement procedure in terms of pharmacological
isomorphism (Geyer and Markou 1995) is provided by various studies that iden-
tified compounds that attenuate both relapse in humans and the reinstatement of
nicotine seeking in animals. For example, the opioid receptor antagonist naltrexone
facilitated smoking cessation and reduced relapse rates in humans (Epstein and
King 2004; King 2002; King et al. 2012, 2013; King and Meyer 2000) and
effectively attenuated the reinstatement of nicotine seeking in rats (Liu et al. 2009).
Another example is the cannabinoid CB1 receptor antagonist rimonabant, which
similarly decreased relapse to tobacco consumption in humans and reinstatement to
nicotine seeking in rats (Cahill and Ussher 2011; Diergaarde et al. 2008; Forget
et al. 2009). In contrast, however, two smoking cessation medications that are
currently approved by the United States Food and Drug Administration (FDA)
produced mixed results in studies of reinstatement of nicotine seeking in rats.
Specifically, bupropion enhanced cue-induced reinstatement of nicotine seeking
(Liu et al. 2008), while varenicline attenuated nicotine-induced, but not cue-
induced, reinstatement of nicotine seeking (O’Connor et al. 2010). This variability
in findings may reflect the different neurocircuits that probably underlie different
aspects of the reinstatement of nicotine seeking. Results from reinstatement studies
of drug seeking for other psychostimulant drugs, including cocaine, support the
postulation that distinct neurocircuits are involved in the regulation of diverse
aspects of the reinstatement of drug seeking (for reviews, see Kalivas and
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McFarland 2003; See et al. 2003). The sections below briefly describe several
neurocircuits that regulate diverse aspects of nicotine dependence, followed by
discussions of the various neurotransmitter systems that are of interest in studies of
the reinstatement of nicotine seeking.

2 Neurocircuits of Interest in Studies of the Reinstatement
of Nicotine Seeking

2.1 Mesolimbic System

Dopaminergic projections from the ventral tegmental area (VTA) to nucleus ac-
cumbens (NAc) are critically involved in mediating the reinforcing and motiva-
tional properties of nicotine (Gerasimov et al. 2000; Laviolette and van der Kooy
2004). Nicotine directly activates these dopaminergic projections through β2-con-
taining nicotinic acetylcholine receptors (nAChRs; see chapters entitled Structure of
Neuronal Nicotinic Receptors and Genetics of Smoking Behaviour; volume 23) on
VTA dopaminergic neurons (Mameli-Engvall et al. 2006) and indirectly through α7
nAChRs located on VTA glutamatergic neurons (Mansvelder and McGehee 2000).
Pharmacological compounds that provide low levels of stimulation of dopaminergic
projections to the NAc may therefore result in decreased nicotine-seeking behavior.
In fact, the efficacy of the nicotinic receptor partial agonist varenicline, one of the
few FDA-approved smoking cessation aids, in attenuating relapse to smoking in
humans is assumed to partially result from low stimulatory actions at β2-containing
nAChRs located on dopaminergic projections from the VTA to NAc (West et al.
2008). Alternatively, increased glutamatergic neurotransmission through the acti-
vation of excitatory α7 nAChRs, located on glutamatergic terminals that synapse on
VTA dopamine neurons, activates dopaminergic projections from the VTA to NAc
(Mansvelder and McGehee 2000). Moreover, a recent study by Gipson et al. (2013)
demonstrated that glutamatergic neurotransmission in the NAc contributed to the
cue-induced reinstatement of nicotine-seeking behavior, supporting an important
role for the mesolimbic neurocircuit in the reinforcing and motivational effects of
nicotine and the reinstatement of nicotine seeking. Findings from rat studies indi-
cated changes in glutamatergic neurotransmission in the NAc during early nicotine
withdrawal (i.e., 24 h after the cessation of nicotine self-administration; Knackstedt
et al. 2009; Liechti et al. 2007). Subsequent studies by Gipson et al. (2013) revealed
that these changes in NAc glutamatergic synaptic plasticity persist when the
withdrawal period is extended to 2 weeks. Moreover, the cue-induced reinstatement
procedure induced simultaneous increases in glutamatergic neurotransmission in
the NAc and nicotine seeking (Gipson et al. 2013), further indicating the impor-
tance of glutamatergic neurotransmission in the mediation of cue-induced
reinstatement.
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2.2 Habenulo-interpeduncular Circuit

Opposite to the role of the corticolimbic neurocircuit in the reinforcing effects of
nicotine, the habenulo-interpeduncular circuit appears to be important in mediating
the aversive effects of nicotine (Fowler et al. 2011, 2013; Frahm et al. 2011). The
medial habenula became of interest in the study of nicotine dependence when
genetic linkage studies found that genetic variation in the gene cluster that encodes
the α3, α5, and β4 nAChR subunits, which are densely located in the habenular
circuit (De Biasi and Salas 2008), was associated with lung cancer and nicotine
dependence in humans (Saccone et al. 2007, 2010). Mice null for the α5 nAChR
subunit vigorously self-administered very high concentrations of nicotine (Fowler
et al. 2011). Moreover, re-expression of the α5 nAChR subunit in the medial
habenula in these knockout mice returned their increased self-administration rates
of high nicotine doses back to rates observed in wild-type mice (Fowler et al. 2011),
highlighting the involvement of the habenula-interpeduncular pathway in the high
nicotine intake in these knockout mice. The effects of null mutation of the α5
nAChR subunit on nicotine consumption were explained in a later study by Fowler
and colleagues. This study suggested that the reward-suppressing effects that high
nicotine doses induce in wild-type mice were absent in α5 knockout mice (Fowler
et al. 2013). Similarly, increased activity of β4 nAChR subunits in mice, in which
the CHRNA5-CHRNA3-CHRNB4 gene cluster was co-expressed with a bacterial
artificial chromosome, resulted in the consumption of markedly less nicotine in a
no-choice bottle procedure, presumably because of the aversion to nicotine that
these mice exhibit in the conditioned place aversion procedure (Frahm et al. 2011;
see also chapter entitled Genetics of Smoking Behaviour; volume 23). Lentiviral
expression of the D398N α5 variant, which has been genetically associated with
nicotine dependence and lung cancer in humans (Falvella et al. 2009; Hung et al.
2008; Wang et al. 2009), in the medial habenula reversed the aversion to nicotine in
these mice (Frahm et al. 2011). These studies suggest the involvement of habenular
α5 and β4 nAChR subunits in the aversive effects of nicotine, but the role of the
habenulo-interpeduncular circuit in the reinstatement of nicotine-seeking behavior
remains to be explored. Nevertheless, the somatic signs of nicotine withdrawal were
attenuated in mice null for the both α5 and β4 nAChR subunits (Jackson et al. 2008;
Salas et al. 2007; Stoker et al. 2012), suggesting that these nAChR subunits may be
involved in mediating at least some of the aversive aspects of the nicotine with-
drawal syndrome and that pharmacologically targeting these nAChR subunits may
alleviate the negative withdrawal symptoms that ultimately result in the reinstate-
ment of nicotine seeking.
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2.3 Insular Cortex and Dorsal Striatum

Compared with the mesolimbic and habenulo-interpeduncular neurocircuits, the
insula and dorsal striatum are thought to be recruited in later stages of drug
dependence when drug-taking behavior becomes more habitual (for reviews, see
Everitt et al. 2008; Naqvi and Bechara 2009). These brain structures are therefore
particularly interesting in the study of drug reinstatement. The insular cortex
became of interest in the study of relapse to tobacco smoking when Naqvi and
colleagues reported that damage to the insular cortex facilitated spontaneous
smoking cessation in humans, presumably by relieving symptoms of craving
(Naqvi et al. 2007). Similarly, pharmacological or electrical inactivation of the
insula attenuated the cue- and nicotine-induced reinstatement of nicotine-seeking
behavior in animals (Forget et al. 2010a; Pushparaj et al. 2013). Subsequent studies
provided additional evidence that the insula critically regulates different aspects of
dependence on various psychostimulants and is particularly important in mediating
the effects of conditioned cues associated with drug craving (Abdolahi et al. 2010;
Contreras et al. 2007, 2012; Forget et al. 2010a; Hollander et al. 2008; Scott and
Hiroi 2011). The insula projects to the dorsal striatum, a brain region implicated in
the habitual and compulsive aspects of drug dependence. Interestingly, a recent case
report described a patient in whom a lesion of the dorsal striatum resulted in the
attenuation of nicotine intake (Muskens et al. 2012), similar to the effects of lesions
of the insula on smoking cessation. In animals, studies of the involvement of the
dorsal striatum in drug seeking have primarily focused on psychostimulant drugs
other than nicotine, most notably cocaine. Lesions or pharmacological inactivation
of the dorsal striatum in rats attenuated cocaine-seeking behavior (Fuchs et al. 2006;
Fucile et al. 1997; Fung and Richard 1994; Gabriele and See 2011). The effects of
conditioned cues associated with cocaine were shown to be mediated by dopami-
nergic neurotransmission in the dorsal striatum in animals (Ito et al. 2002) and
humans (Volkow et al. 2006).

3 Role of Various Neurotransmitter Systems
in Cue- and Nicotine-induced Reinstatement
of Nicotine-seeking Behavior

3.1 Acetylcholine

All smoking cessation medications that are currently approved by the FDA (i.e.,
nicotine replacement therapy, varenicline, and bupropion) have some affinity at
nAChRs (Coe et al. 2005; Slemmer et al. 2000; Thompson and Hunter 1998).
While these medications are ineffective in approximately 80 % of smokers who
attempt to quit smoking (Gonzales et al. 2006; Hughes et al. 2003; Jorenby et al.
2006), nAChRs have remained key targets in the research and development of
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novel pharmacotherapies for smoking cessation. Bupropion, a medication widely
used for smoking cessation, was initially used as an antidepressant therapy and
primarily acts as a dopamine and norepinephrine reuptake inhibitor. Interestingly,
bupropion was also found to act as an nAChR antagonist after it was marketed as a
smoking cessation medication (Slemmer et al. 2000). bupropion has had mixed
effects on smoking cessation rates in humans (Hurt et al. 1997) and actually
enhanced the cue-induced reinstatement of nicotine seeking in rats (Liu et al. 2008).
These results suggest that bupropion may have limited efficacy at treating the full
spectrum of relapse and may primarily alleviate depressive-like symptoms during
withdrawal (Cryan et al. 2003; Paterson et al. 2007).

Varenicline, a partial agonist at α4β2-containing nAChRs (Coe et al. 2005), was
synthesized after studies suggested the crucial involvement of β2 nAChRs in nic-
otine dependence (Maskos et al. 2005; Picciotto 1998). Preclinical studies that
assessed the effects of varenicline on the reinstatement of nicotine-seeking behavior
demonstrated mixed effects on cue- and nicotine-induced reinstatement. Specifi-
cally, the nicotine-induced reinstatement of nicotine seeking was attenuated by
varenicline in rats (see Fig. 1b adapted from O’Connor et al. 2010), similar to the
effects of varenicline in humans. In contrast, varenicline did not affect the cue-
induced reinstatement of nicotine-seeking behavior in rats (O’Connor et al. 2010;
Wouda et al. 2011, see Fig. 1a adapted from Wouda et al. 2011), and higher doses
of varenicline even enhanced cue-induced reinstatement (Wouda et al. 2011).
Interestingly, varenicline attenuated the cue-induced reinstatement of nicotine
seeking with a prolonged pretreatment time (Le Foll et al. 2012). When reinstate-
ment was induced by both nicotine priming and the presentation of cues, vareni-
cline also attenuated the reinstatement of nicotine seeking (O’Connor et al. 2010),
presumably because of the attenuating effect of varenicline on nicotine-induced
reinstatement. Altogether, preclinical studies on the effects of varenicline on nic-
otine seeking suggest the differential regulation of cue- and nicotine-induced
reinstatement. Furthermore, Liu (2014) demonstrated that α7 nAChR antagonism
with methyllycaconitine (MLA) but not α4β2-containing nAChR antagonism with
dihydro-β-erythroidine (DHβE) reduced the cue-induced reinstatement of nicotine
seeking. The results with varenicline and DHβE suggest that α4β2-containing
nAChRs may be involved in the regulation of nicotine-induced, but not cue-
induced reinstatement of nicotine seeking. In contrast, α7 nAChRs may be involved
in mediating the cue-induced reinstatement of nicotine seeking. The enhancement
of cue-induced reinstatement that results from administration of higher doses of
varenicline (Wouda et al. 2011) may be explained by the activation of α7 nAChRs
by varenicline, which acts as a full agonist at these receptors (Mihalak et al. 2006).
This interpretation is further supported by results from the study by Liu (2014),
which showed that α7 nAChR blockade attenuated cue-induced reinstatement.
Further support for the involvement of α7 nAChRs in nicotine seeking reinstated by
the presentation of conditioned cues, but not nicotine, is provided by the results of a
study that reported that TAT-α7-pep2, a protein that interferes with the function of
the α7nAChR–NMDA receptor complex, reduced the cue-induced reinstatement of
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Fig. 1 Effects of manipulating various neurotransmitter systems on cue- and nicotine-induced
reinstatement of nicotine-seeking behavior. The pharmacological targeting of a wide range of
neurotransmitter systems attenuated reinstatement to nicotine seeking induced by the presentation
of conditioned cues (left panel) and nicotine priming (right panel). Positive allosteric modulation
of α4β2 nAChRs with varenicline had no effect on the cue-induced reinstatement of nicotine
seeking (a, modified with permission from O’Connor et al. 2010), while varenicline attenuated the
nicotine-induced reinstatement of nicotine seeking (b, modified with permission from O’Connor
et al. 2010). The mGlu1 receptor antagonist EMQMCM attenuated both the cue-induced (c,
modified with permission from Dravolina et al. 2007) and nicotine-induced (d, modified with
permission from Dravolina et al. 2007) reinstatement of nicotine-seeking behavior. The dopamine
D4 receptor antagonist L-745,870 also attenuated the cue-induced (e, modified with permission
from Yan et al. 2013) and nicotine-induced (f, modified with permission from Yan et al. 2013)
reinstatement of nicotine seeking. The GABAB receptor agonists CPG44532 (g, modified with
permission from Paterson et al. 2005) and baclofen (h, modified with permission from Fattore et al.
2009) similarly reduced the cue- and nicotine-induced reinstatement of nicotine seeking,
respectively. Finally, the CB1 receptor antagonist rimonabant attenuated the cue-induced (i,
modified with permission from Forget et al. 2009) and nicotine-induced (j, modified with
permission from Forget et al. 2009) reinstatement of nicotine seeking
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nicotine seeking while not affecting reinstatement induced by nicotine priming
(Li et al. 2012).

In addition to the direct activation of nAChRs, cholinergic neurotransmission
can be increased by the inhibition of acetylcholinesterase, the enzyme that
metabolizes the endogenous nAChR ligand acetylcholine. Galantamine, which acts
both as an acetylcholinesterase inhibitor and positive allosteric modulator at α7- and
α4β2-containing nAChRs, reduced the cue-induced reinstatement of nicotine
seeking, suggesting that acetylcholinesterase inhibitors may be effective tools in the
prevention of nicotine reinstatement (Hopkins et al. 2012). The potential therapeutic
value of acetylcholinesterase inhibitors was supported by a study that demonstrated
that donezipil, which acts exclusively as an acetylcholinesterase inhibitor, attenu-
ated nicotine-induced reinstatement (Kimmey et al. 2012). Combined, the findings
with galantamine and donezipil suggest that acetylcholinesterase inhibitors can
attenuate both cue- and nicotine-induced reinstatement.

In summary, the pharmacological targeting of acetylcholinergic neurotransmis-
sion has been one of the most lucrative avenues in the search for smoking cessation
aids to date. However, cue- and nicotine-induced reinstatement appears to be dif-
ferentially regulated by pharmacological compounds that act on α7- and α4β2-
containing nAChRs, potentially limiting their efficacy as pharmacological targets
for smoking cessation medication. Exploring the efficacy of pharmacologically
targeting diverse nAChR subtypes, including α3-, α5-, and β4-containing nAChR
subunits, may thus be an interesting avenue in the identification of novel, highly
efficacious smoking cessation medications.

3.2 Glutamate

Glutamatergic neurotransmission is modulated by two different types of receptors:
ionotropic glutamate (iGlu) receptors and metabotropic glutamate (mGlu) receptors.
iGlu receptors are located postsynaptically and modulate fast glutamatergic neu-
rotransmission. Nicotine self-administration resulted in changes in iGlu and mGlu
receptor levels, which likely contributed to the cue-induced reinstatement of nic-
otine-seeking behavior (Gipson et al. 2013; Liechti et al. 2007). Moreover, phar-
macologically targeting iGlu receptors with the NMDA receptor antagonists
ifenprodil and acamprosate attenuated the cue-induced reinstatement of nicotine-
seeking behavior (Gipson et al. 2013; Pechnick et al. 2011). The development of
novel pharmacotherapies for the treatment of drug dependence, however, has
focused primarily on mGlu receptors because of the side effects of iGlu receptor
antagonists in humans (for review, see Gass and Olive 2008). Metabotropic glu-
tamate receptors have attracted much interest in recent years as targets for novel
therapeutics in the treatment of nicotine dependence (Markou 2007). Compared
with iGlu receptors, the activity of mGlu receptors is more slow acting and mod-
ulatory, presumably resulting in a reduced side effect profile. During nicotine
withdrawal, presynaptic mGlu2/3 receptors were downregulated in the VTA and
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NAc, and mGlu2/3 receptor activation in these brain areas induced by the agonist
LY379268 attenuated the cue-induced reinstatement of nicotine seeking (Liechti et al.
2007). N-acetylcysteine, a compound that has been suggested to increase the gluta-
matergic tone of presynaptic mGlu2/3 receptors (Kupchik et al. 2012), similarly
attenuated nicotine reinstatement elicited by environmental cues (Ramirez-Nino et al.
2013). Furthermore, the blockade of postsynaptic mGlu5 receptors (Bespalov et al.
2005) and mGlu1 receptors (see Fig. 1c adapted from Dravolina et al. 2007)
decreased cue-induced reinstatement. Specifically, nicotine seeking was attenuated by
administration of the mGlu5 receptor antagonist 2-methyl-6-(phenylethynyl)-pyridine
hydrochloride (MPEP; Bespalov et al. 2005) or mGlu1 receptor antagonist 3-ethyl-2-
methyl-quinolin-6-yl)-(4-methoxy-cyclohexyl)-methanone methanesulfonate (EM-
QMCM; Dravolina et al. 2007). In parallel to cue-induced reinstatement, EMQMCM
also decreased the nicotine-induced reinstatement of nicotine-seeking behavior in rats
(see Fig. 1d adapted from Dravolina et al. 2007). These results of experimental
studies in animals on the role of mGlu receptors in nicotine reinstatement demon-
strated that pharmacologically targeting glutamatergic neurotransmission effectively
attenuates both cue- and nicotine-induced reinstatement and may attenuate relapse to
tobacco smoking in humans. In fact, these experimental animal studies resulted in a
Phase I clinical trial by Novartis that assessed the efficacy and safety of the mGlu5
receptor antagonist AFQ056 as a treatment option for voluntary smoking cessation.
This clinical trial has been completed, but the results of the study have not yet been
published (Clinicaltrials.gov 2007).

3.3 Dopamine

As described in Sects. 2.1 and 2.3, dopaminergic neurotransmission, which is
mediated by G-protein-coupled dopamine receptors, in the mesolimbic circuit and
striatum is critically involved in drug dependence (see chapter entitled The Role of
Mesoaccumbens Dopamine in Nicotine Dependence; this volume). The cue-
induced reinstatement of nicotine-seeking behavior can be attenuated by pharma-
cological compounds that decrease dopaminergic tone, including antagonists of
dopamine D1 and D2 receptors (Liu et al. 2010), D3 receptors (Khaled et al. 2010),
and D4 receptors (see Fig. 1e adapted from Yan et al. 2013). Consistent with these
findings, a reduction of dopaminergic tone with the α-type peroxisome proliferator-
activated receptor (PPAR-α) agonist clofibrate decreased cue-induced reinstatement
in squirrel monkeys (Panlilio et al. 2012). These studies suggest that the pharma-
cological inhibition of dopaminergic neurotransmission consistently attenuates the
cue-induced reinstatement of nicotine-seeking behavior. Furthermore, nicotine-
induced reinstatement is similarly attenuated by dopamine D3 and D4 receptor
agonists (Andreoli et al. 2003; Yan et al. 2013, see Fig. 1f adapted from Yan et al.
2013) and PPAR-α agonists (Mascia et al. 2011; Panlilio et al. 2012). The inhibition
of dopaminergic neurotransmission, therefore, appears to be an interesting possi-
bility in the identification for novel smoking cessation medication targets.
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3.4 γ-Aminobutyric Acid (GABA)

GABA is the main inhibitory transmitter in the central nervous system. Inhibitory
GABAergic activity attenuates dopaminergic mesocorticolimbic neurotransmission
through GABA interneurons located in the VTA, medium spiny GABA neurons in
the NAc, and GABAergic projections to the VTA from the NAc, ventral pallidum,
and pedunculopontine tegmental nucleus (Klitenick et al. 1992). Inhibitory GABA
receptors, therefore, would have to be activated by full agonists or positive allo-
steric modulators to decrease excitatory neurotransmission in the VTA which, as
discussed above, generally attenuates the reinstatement of nicotine seeking.
GABAergic neurotransmission is regulated through ionotropic GABAA and
GABAC receptors and metabotropic GABAB receptors (Bormann 1986). Of these
various GABA receptor subtypes, G-protein-coupled GABAB receptors are pri-
marily of interest in the treatment of nicotine dependence (Li et al. 2014; Vlachou
and Markou 2010). GABAB receptor activation induced by the GABAB receptor
agonist CPG44532 attenuated the cue-induced reinstatement of nicotine seeking in
rats (see Fig. 1g adapted from Paterson et al. 2005). Similar to the GABAB agonist,
the GABAB receptor positive allosteric modulator BHF177 also decreased cue-
induced reinstatement in rats (Vlachou et al. 2011). The effects of GABAB agonists
on the nicotine-induced reinstatement of nicotine seeking have been less exten-
sively explored. One study reported that baclofen decreased reinstatement induced
by nicotine priming (see Fig. 1h adapted from Fattore et al. 2009). Furthermore, the
GABAB receptor agonist baclofen was suggested to potentially facilitate smoking
cessation in humans (Cousins et al. 2001). These studies indicate that GABAB

receptors may be a promising target in the treatment of smoking cessation.
Moreover, it has been proposed that GABAB positive allosteric modulators may be
particularly effective in the treatment of nicotine dependence because of their
modulatory actions at GABAB receptors that may result in an improved side effect
profile and decreased development of tolerance to these compounds compared with
GABAB full receptor agonists (Guery et al. 2007; Vlachou et al. 2011).

3.5 Endocannabinoids

Of the two endocannabinoid receptors cloned to date, CB1 receptors are of primary
interest in the treatment of dependence on drugs of abuse (Howlett et al. 2004)
because these receptors are found on glutamatergic and GABAergic inputs to
dopaminergic neurons (Gardner 2005). In contrast, CB2 receptors are primarily
localized on immune cells in both the central and peripheral nervous systems
(Howlett 2002). As expected, the reinstatement of nicotine-seeking behavior was
unaffected by the CB2 receptor antagonist AM630 or CB2 receptor agonist AM1241
(Gamaleddin et al. 2012b). CB1 receptors located on presynaptic glutamatergic
neurons in the VTA are hypothesized to decrease the inhibitory control that
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GABAergic neurons exert on dopaminergic neurons (Schlicker and Kathmann
2001). Consequently, CB1 receptor activation would result in the increased firing
activity of VTA dopamine neurons (French 1997; French et al. 1997) and increased
dopamine release in the NAc (Gardner and Vorel 1998; Tanda et al. 1997), sug-
gesting therapeutic potential for CB1 receptor antagonism in attenuating the rein-
statement of nicotine seeking. Indeed, antagonism of the CB1 receptor consistently
attenuated the cue-induced reinstatement of nicotine-seeking behavior, demon-
strated by the administration of rimonabant (Diergaarde et al. 2008; Forget et al.
2009, see Fig. 1i adapted from Forget et al. 2009), SR141716 (Cohen et al. 2005;
de Vries et al. 2005), and AM404 (Gamaleddin et al. 2013) in rats. The CB1/2

receptor agonist WIN 55,212-2 facilitated the cue-induced reinstatement of nico-
tine-seeking behavior (Gamaleddin et al. 2012a), presumably by activating CB1

receptors. Furthermore, antagonism at CB1 receptors attenuated nicotine-induced
reinstatement in rats, demonstrated by the administration of rimonabant (see Fig. 1j
adapted from Forget et al. 2009), AM251 (Shoaib 2008), and AM404 (Gamaleddin
et al. 2013). Additionally, reinstatement induced by the combination of both cue
presentation and nicotine priming was attenuated by administration of the CB1

receptor antagonist AM251 (Shoaib 2008).
After various clinical trials assessed the efficacy of rimonabant as a smoking

cessation medication, it was approved for this purpose in various European coun-
tries in 2006. Inopportunely, treatment of smoking cessation with rimonabant was
halted in 2007 after reports of severe side effects that included anxiety and
depression (Moreira and Crippa 2009). The development of pharmacological
compounds that target the endocannabinoid system in smoking cessation is there-
fore currently directed toward developing compounds that indirectly target endo-
cannabinoid neurotransmission, including anandamide transport inhibitors and fatty
acid amid hydrolase (FAAH). Anandamide is one of the endogenous ligands that
act at cannabinoid receptors (Giang and Cravatt 1997) and eliminated by reuptake
into cells by anandamide transporters and subsequent hydrolysis by FAAH (Belt-
ramo et al. 1997; Cravatt et al. 1996). The enhancement of endocannabinoid sig-
naling by inhibiting the reuptake or hydrolysis of anandamide attenuated both cue-
and nicotine-induced reinstatement of nicotine seeking (Forget et al. 2009; Gam-
aleddin et al. 2011). Notably, inhibiting the reuptake or hydrolysis of anandamide
opposes the effects of CB1 receptor antagonists. That is, CB1 receptor antagonists
attenuate endocannabinoid signaling, while FAAH inhibitors and anandamide
transport inhibitors enhance endocannabinoid signaling. The same direction of
effect (i.e., decrease) on the reinstatement of nicotine seeking by these seemingly
opposing mechanisms may be due to the action of CB1 receptor antagonists on
neurocircuits that express endocannabinoid ligands other than anandamide
(Scherma et al. 2008). Interestingly, compounds that target FAAH may exert dual
actions on the reinstatement of nicotine seeking because FAAH also breaks down
fatty acid amides that can activate PPAR-α (Fegley et al. 2005). As discussed
above, the activation of PPAR-α decreases the cue-induced reinstatement of
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nicotine seeking, presumably by decreasing dopaminergic neurotransmission, fur-
ther emphasizing the potential of FAAH-inhibiting compounds in treating the
reinstatement of nicotine seeking.

3.6 Other Neurotransmitter Systems

Whereas the aforementioned neurotransmitter systems have been the most exten-
sively explored as targets for pharmacotherapy in attenuating the reinstatement of
nicotine seeking, several other neurotransmitter systems have been suggested in the
development of novel smoking cessation aids. Serotonergic receptors, for example,
modulate dopaminergic neurotransmission and were suggested as potential targets
in smoking cessation medications (for review, see Fletcher et al. 2008). The
attenuation of serotonergic neurotransmission by the 5-HT2C receptor antagonists
Ro60-0175 and locaserin decreased both nicotine- and cue-induced reinstatement
(Fletcher et al. 2012; Higgins et al. 2012). Similarly, the modulation of noradren-
ergic neurotransmission was shown to effectively reduce both cue- and nicotine-
induced reinstatement with the noradrenergic α1 receptor antagonist prazosin
(Forget et al. 2010b) and β-blocker propranolol, supporting the involvement of
noradrenergic neurotransmission in cue-induced reinstatement (Chiamulera et al.
2010). Finally, the T-type calcium channel antagonist TTA-A2 also attenuated both
cue- and nicotine-induced reinstatement (Uslaner et al. 2010), potentially by
modulating glutamatergic or dopaminergic neurotransmission (Uslaner et al. 2012).
Tricyclic antidepressants, which decrease both serotonergic and noradrenergic
neurotransmission, have been suggested to facilitate smoking cessation in humans
(Edwards et al. 1989; Hall et al. 1998; Prochazka et al. 1998). However, the severe
side effects of tricyclic antidepressants, including cardiovascular effects and the
severity of overdose symptoms (Biggs et al. 1977; Roose et al. 1991), make these
compounds unfavorable as smoking cessation aids. The reversible monoamine
oxidase-A (MAO-A) inhibitor moclobemide, which reduces both serotonergic and
noradrenergic neurotransmission similarly to tricyclic antidepressants but with a
more favorable side effect profile (Stabl et al. 1989), attenuated smoking cessation
in a study group of heavy smokers (Berlin et al. 1995). These results suggest that
MAO-A inhibitors may be preferred over tricyclic antidepressants as smoking
cessation aids. However, bupropion remains the main antidepressant used as a
smoking cessation medication (Tables 1 and 2).

4 Concluding Remarks

Relapse is one of the hallmarks of tobacco dependence, but the currently available
smoking cessation medications only prevent the occurrence of relapse in a small
percentage of people who attempt to quit tobacco consumption. The limited
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effectiveness of these medications may be explained by the differential regulation of
diverse aspects of relapse by various neurotransmitter systems, as discussed in the
introduction above, which has been extensively documented for relapse to cocaine
seeking. Whereas the possibility of the regulation of the different types of rein-
statement by different neurocircuits has not yet been widely explored for relapse to
nicotine seeking, specific smoking cessation medications may only target one
aspect of relapse, resulting in decreased overall effectiveness compared with
pharmacological compounds that target the full spectrum of relapse. This concept is
supported by studies of “relapse” to nicotine seeking in animals, which demon-
strated that the reinstatement of nicotine seeking is most robust when it is elicited
by both nicotine priming and exposure to conditioned cues compared with nicotine
priming or conditioned cues themselves (Feltenstein et al. 2012; O’Connor et al.
2010). With less than 5 % of all smoking cessation attempts resulting in lifelong
abstinence from tobacco (Hughes et al. 2004), novel medications that attenuate
relapse rates are needed. Pharmacologically targeting the neurocircuits or neuro-
transmitters that are involved in multiple aspects of relapse to tobacco consumption
may improve smoking cessation rates. Preclinical models of relapse are greatly
important in this pursuit of novel pharmacological targets in the treatment of
tobacco dependence. The reinstatement procedure, an animal model widely used to
assess “relapse” to drug seeking in animals, has provided important insights into the
neurobiological effects of stimuli that trigger relapse in humans, most notably
nicotine and its conditioned cues (Shaham et al. 2003; but see Katz and Higgins
2003). The majority of nicotine reinstatement studies have assessed nicotine rein-
statement primed by nicotine or its conditioned cues separately, allowing for dif-
ferentiation of the neurotransmitters that regulate these two different manipulations
that induce the reinstatement of drug seeking.

Preclinical studies suggest the limited effectiveness of two widely used smoking
cessation medications, varenicline and bupropion, in attenuating the cue-induced
reinstatement of nicotine seeking (Liu et al. 2008; O’Connor et al. 2010, Wouda
et al. 2011). These results are consistent with the clinical observations that these
two FDA-approved medications are not very efficacious in attenuating tobacco
smoking in humans. Furthermore, these results suggest that the pursuit of the
identification of novel smoking cessation medications would be best served by
developing pharmacological compounds that effectively treat the various factors
that can induce the reinstatement of nicotine seeking, including nicotine and cues.
nAChR subunits other than the α4β2-containing nAChRs (the nAChR subtype on
which varenicline acts), including α3, α5, and β4 subunits, may be interesting in the
development of more efficacious smoking cessation medications. An increasing
body of preclinical studies also suggests that exploring other neurotransmitter
systems downstream from nAChRs may be lucrative in the quest for novel phar-
macological targets to attenuate nicotine reinstatement.

Glutamatergic neurotransmitter systems are particularly appealing targets for the
development of novel smoking cessation medications (Liechti and Markou 2008).
Glutamate critically regulates the reinstatement of nicotine seeking (Bespalov et al.
2005; Gipson et al. 2013; Liechti et al. 2007) but also cocaine seeking (for reviews,
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see Kalivas 2004; Wise 2009), suggesting that pharmacologically targeting gluta-
matergic neurotransmission may be particularly promising in the identification of
novel targets for smoking cessation medications. Nicotine reinstatement studies
found that pharmacological compounds that decrease glutamatergic neurotrans-
mission effectively attenuated both the cue- and nicotine-induced reinstatement of
nicotine seeking (Bespalov et al. 2005; Dravolina et al. 2007; Gipson et al. 2013;
Liechti et al. 2007; Pechnick et al. 2011; Ramirez-Nino et al. 2013). The promise of
targeting glutamatergic compounds as smoking cessation medications is further
demonstrated by the success of N-acetylcysteine in reducing cigarette consumption
in smokers (Knackstedt et al. 2009).

Other than glutamatergic neurotransmission, preclinical studies have suggested
that both the cue- and nicotine-induced reinstatement of nicotine seeking can be
attenuated by pharmacologically targeting various other neurotransmitters
(Table 1). Dopamine receptor antagonists, GABAB receptor agonists or positive
allosteric modulators, endocannabinoid receptor antagonists, serotonin receptor
agonists, β-blockers, and opioid receptor antagonists have been identified as
potentially efficacious as pharmacological smoking cessation medications. These
preclinical studies of nicotine seeking have greatly benefited from the synthesis and
characterization of novel pharmacological compounds that attenuate relapse to
tobacco smoking in humans. Additionally, preclinical studies on the neurobiology
of cue- and nicotine-induced reinstatement provide important insights into potential
future study directions for clinical trials in ongoing efforts to repurposing medi-
cations that have been approved by the FDA for other neurobiological disorders to
serve as smoking cessation aids.
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Psychiatric Disorders as Vulnerability
Factors for Nicotine Addiction: What
Have We Learned from Animal Models?

Bernard Le Foll, Enoch Ng, Patricia Di Ciano and José M. Trigo

Abstract Epidemiological studies indicate a high prevalence of tobacco smoking
in subjects with psychiatric disorders. Notably, there is a high prevalence of
smoking among those with dependence to other substances, schizophrenia, mood,
or anxiety disorders. It has been difficult to understand how these phenomena
interact with clinical populations as it is unclear what preceded what in most of the
studies. These comorbidities may be best understood by using experimental
approaches in well-controlled conditions. Notably, animal models represent
advantageous approaches as the parameters under study can be controlled perfectly.
This review will focus on evidence collected so far exploring how behavioral effects
of nicotine are modified in animal models of psychiatric conditions. Notably, we
will focus on behavioral responses induced by nicotine that are relevant for its
addictive potential. Despite the clinical relevance and frequency of the comorbidity
between psychiatric issues and tobacco smoking, very few studies have been done
to explore this issue in animals. The available data suggest that the behavioral and
reinforcing effects of nicotine are enhanced in animal models of these comorbidi-
ties, although much more experimental work would be required to provide certainty
in this domain.
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1 Introduction

The high prevalence of comorbid substance use disorders (SUDs) and mental ill-
ness (MI) has been well established in both clinical- and population-based studies
(Brooner et al. 1997; Hien et al. 1997; Regier et al. 1990; Swendsen et al. 2010).
The Epidemiological Catchment Area (ECA) study reported that among individuals
with MI, 29 % had a comorbid SUD (compared with 13 % of individuals without a
MI). Findings from the National Comorbidity Survey report a significantly higher
prevalence of SUDs among individuals with MI than in the general population;
among individuals with any MI, 51 % were reported as having a comorbid SUD,
and the odds ratio for a SUD among individuals with a MI was 2.4 (compared to
those without a MI) (Kessler et al. 1996a, b).

A recent study has explored the issue of transition from drug use to SUD using
the National Epidemiological Survey of Alcohol and Related Conditions (NES-
ARC) database. The NESARC database has been developed using face-to-face
interviews on 43,093 adults representative of the civilian non-institutionalized
population residing in the United States. The lifetime prevalence of any MI (mood,
anxiety, psychotic, or personality disorder) in the NESARC sample was 33.7 %,
while 66.2 % had no lifetime MI. Rates of transition from substance use to a SUD
were calculated as the prevalence of lifetime SUD among individuals with lifetime
exposure to a substance. The rate of transition from substance use to SUD was
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higher for individuals with a lifetime diagnosis of MI than for individuals without
any MI. This was true for cocaine (OR = 1.83), cannabis (OR = 1.91), nicotine
(OR = 3.24), alcohol (OR = 2.2), and hallucinogens (OR = 2.14) compared to
controls (Lev-Ran et al. 2013). Interestingly, the SUD liability for nicotine was
highest among the substances studied, in the range of 60 % for individuals with
mood, anxiety, personality, and psychotic disorders (Lev-Ran et al. 2013).

Drug addiction also appears to be associated with high prevalence of tobacco use.
Smoking rates ranging from 71 to 97 % were found among alcohol and other drug-
dependent populations (Battjes 1988). Drug-abuse patterns seem to involve pro-
gression from one class of legal drug (alcohol or cigarettes) to marijuana/alcohol and
eventually psychostimulants as well as opiate drugs (SAMHSA 2012; Yamaguchi
and Kandel 1984). It has been noticed in the literature that two-thirds of drug abusers
are regular tobacco smokers, a rate more than triple that of the rest of the population
(Zickler 2000). In fact, early tobacco smoking has been proposed to constitute a
“gateway” or rather a “common liability” (Vanyukov et al. 2012) toward substance
abuse as has been suggested in the literature (Kandel and Faust 1975; Yamaguchi and
Kandel 1984). Nicotine is an easily available drug for adolescents and might con-
stitute in some cases the first contact with an addictive substance; however, some
studies have pointed out that the reverse process or, as it has been denominated, the
“reverse gateway theory,” might also happen. The reverse gateway theory suggests
that earlier regular use of other substances, as cannabis, might predict later tobacco
initiation and/or nicotine dependence in those who did not use tobacco before (Peters
et al. 2012). An example illustrating this reverse gateway theory is the observation of
substantial percentages of studied populations found to consume marijuana prior the
use of licit drugs (Tarter et al. 2006). Both scenarios (i.e., gateway and reverse
gateway theories) might result in a net increase on tobacco consumption, indepen-
dently of tobacco being the initial abused substance or being initiated following other
addiction. Due to the high rates of polydrug use of the alcohol/tobacco combination,
it has been hypothesized in the literature the possibility of mutual potentiating effects
of each of these legal substances on each other.

Evidence from multiple research studies supports the existence of developmental
stages and sequences in drug use (Kandel 1975). The likelihood of first initiating
tobacco or other legal drugs before using illegal drugs is much greater than the
opposite process. There are reports showing progression from “soft” drugs to
“hard” drugs on a 75–80 % of cases versus a 20–25 % progression from “hard” to
“soft” drugs of the cases depending on the sample studied (George and Moselhy
2005; Tarter et al. 2006). Accordingly, in a recent study, it was found that first
initiating tobacco appeared 17.6 times greater than the likelihood of initiating
cannabis (Mayet et al. 2011). Similarly to the net increase in tobacco intake that
might happen in the process of escalating drugs or the potentiating effects during
polydrug use mentioned above, the reverse gateway theory proposes that net
increases in tobacco or other legal drugs consumption might happen following the
exposure to other illegal drugs. Recent epidemiological evidence shows that alcohol
and illicit drug dependence are associated with increased risk for cigarette smoking
(Redner et al. 2014). Other epidemiological studies have also shown cannabis use
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prior tobacco consumption in a number of cases (Agrawal et al. 2012; Tullis et al.
2003; Vaughn et al. 2008). The use of cannabis during young adulthood has also
been associated with increased risk of later initiation of tobacco use and nicotine
dependence (Patton et al. 2005). However, in other studies, the use of marijuana in
adolescence has been found only modestly associated with daily cigarette smoking
and nicotine dependence in young adulthood (Timberlake et al. 2007).

There are several possibilities as to why these comorbidities exist. Here, we will
focus on the behavioral data generated using animal models that could explain the
cause of those comorbidities. We will notably cover the evidence collected using
animal models exploring how addictive disorders, schizophrenia, mood and anxiety
disorders could facilitate nicotine addiction. It appears that the reinforcing/rewarding
effects of nicotine are mediated through the nicotinic acetylcholine receptors (nAc-
hRs). nAchRs are ligand-gated ion channels composed of five subunits, labeled α2 to
α10 and β2 to β4 in the central nervous system. The combination of subunits deter-
mines the functionality of the receptor. In the brain, the most prevalent of these are
the homo-oligomeric α7 and the heteromeric α4β2

* nAChRs. The role and function of
these combinations are not yet fully elucidated. There is clear evidence implicating
α4β2

* nAChRs in nicotine addiction (Picciotto et al. 1998; Tapper et al. 2004).
Midbrain α4β2

* nAChRs are critical for nicotine’s ability to increase dopamine levels
in the nucleus accumbens (Corrigall 1991; Dani and De Biasi 2001; Laviolette and
van der Kooy 2004; Picciotto and Corrigall 2002; Watkins et al. 2000), a feature that
appears critical to mediate reinforcing/rewarding effects of nicotine (see chapter
entitled The Role of Mesoaccumbens Dopamine in Nicotine Dependence; this
volume). It appears that other nAChRs subunits such as α5 (Fowler et al. 2011, 2013),
α6 (Pons et al. 2008), and α7 (Besson et al. 2012) may be implicated as well.

2 Addictive Disorder as Vulnerability for Nicotine
Addiction

Animal models of drug abuse may serve to test in a relatively simple manner both
gateway and reverse gateway hypotheses. Indeed, those hypotheses predict that
experience with one drug can enhance the addictive properties of a different drug.
Thus, by exposing experimental animals to one drug and later evaluating changes in
the addictive properties of a different drug (e.g., self-administration pattern) seems a
straightforward manner to test these hypotheses.

The number of studies evaluating the effects of nicotine pre-exposure on the
addictive properties of other drugs is clearly superior to the number of studies
evaluating the opposite process. Only a few studies have explored the effect of pre-
exposure to different drugs on nicotine’s-addictive properties. Thus, in a recent study,
pre-exposure to tetrahydrocannabinol (THC) was able to increase the ratio of animals
self-administering nicotine from 65 %, in vehicle-exposed rats, to 94 % in the THC-
exposed animals (Panlilio et al. 2013). Moreover, rats pre-exposed to THC exhibited
higher rates of nicotine taking over the course of acquisition training when compared
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to the control group. The substantial increase on the ratio of animals self-adminis-
tering nicotine observed was likely by an increase in nicotine-reinforcing properties,
as measured by a behavioral-economics procedure, where pre-exposure to THC
produced a more persistent nicotine self-administration as the price (number of
responses required) for nicotine raised (Panlilio et al. 2013). Previous studies have
shown that acute pre-treatment with cannabinoid agonists and antagonists is able to
modify other responses to nicotine as nicotine-induced changes in locomotor activity
without changes in nicotine-evoked dopamine release (Kelsey and Calabro 2008;
Rodvelt et al. 2007). Therefore, it would be interesting to further investigate the
neurobiological correlates for nicotine response following pre-exposure to THC.

A recent study in mice found that pre-exposure to cocaine did not alter sub-
sequent locomotor response to nicotine (Levine et al. 2011) (while nicotine pre-
exposure facilitated subsequent responses to cocaine). In contrast, in male Sprague
Dawley rats, animals receiving daily injections of cocaine for 14 days were more
reactive to nicotine as compared to rats pretreated with a daily injection of saline. It
should be noted that this effect was noted after 3 and 7 days of withdrawal from
cocaine treatment (but not at the first day of withdrawal) (Szabo et al. 2014).

Preclinical studies have shown that a combination of legal drugs during early
stages of development might also contribute to a later vulnerability to nicotine
dependence. Thus, a combination of alcohol and nicotine during gestational periods
might increase nicotine’s-reinforcing properties during adulthood (Matta and El-
berger 2007). Interestingly, alcohol-naïve offspring of rats selectively bred for high
alcohol intake exhibited increased vulnerability to nicotine self-administration and
relapse (Le et al. 2006). Conversely, it was previously reported that rats voluntarily
consume nicotine or alcohol independently of each other, and the pre-exposure to
either nicotine or alcohol did not affect subsequent intake of both drugs in com-
bination (Marshall et al. 2003). This issue has been explored more recently using
procedure in which rats voluntarily self-administer nicotine, alcohol, or both at
different time points of the experimental procedure (Le et al. 2010). It appears that
the nicotine intake in overall was similar in animals that got previously access to
alcohol and that were trained secondarily to self-administer nicotine, as compared
to animals that were trained directly to self-administer nicotine without previous
alcohol access (Le et al. 2010).

3 Schizophrenia as Vulnerability for Nicotine Addiction

There are over 60 animal models of schizophrenia, and they all assess varying
aspects of the disorder. Some of them model the positive symptoms, which include
hallucinations and delusions. Others model the negative symptoms such as avoli-
tion and anhedonia, including changes in social functioning. Finally, some animal
models study the cognitive symptoms such as impaired memory and attention. Very
limited work has been conducted exploring the responses to nicotine on those
models.
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3.1 The Dopamine Transporter Knockout Mouse

Dopamine transporter (DAT) knockout mice (Giros et al. 1996) present a hyper-
dopaminergic phenotype that has been deemed relevant for schizophrenia. These
mice exhibit behaviors such as perseverative locomotor activity, stereotypy, and
cognitive and behavioral inflexibility. DAT knockout mice were shown to have
deficits in cognitive tasks (the cued and spatial versions of the Morris water maze)
and administration of nicotine improved performance such that latencies, distance
travelled, and successful trials needed to reach the platform approached levels seen
in the wild type (Weiss et al. 2007).

3.2 Neurodevelopmental Models of Schizophrenia

The neonatal quinpirole and neonatal ventral hippocampal lesion models provide a
means to assess some of the symptoms that are believed to be caused by neuro-
developmental factors. In the neonatal quinpirole model (Brown et al. 2012),
quinpirole is administered to rats neonatally, which produces behaviors that are
consistent with symptoms of schizophrenia in humans (Cope et al. 2010). In the
neonatal ventral hippocampal model, the part of the hippocampus that projects to
the frontal cortex is lesioned, and deficits emerge later in adolescence and adulthood
(Lipska et al. 2002; Lipska and Weinberger 2002; Sams-Dodd et al. 1997).

It has been found that in both quinpirole-treated rats and rats with neonatal
ventral hippocampal lesions, locomotor sensitization to nicotine was increased
(Berg and Chambers 2008; Perna et al. 2008), suggesting that these animals are
more vulnerable to become addicted to nicotine. Indeed, in a subsequent study, it
was found that neonatal ventral hippocampus rats took more nicotine infusions and
required fewer trials to criterion than did those with sham lesions (Berg et al. 2014).

3.3 The Pre-pulse Inhibition Model of Schizophrenia

Pre-pulse inhibition (PPI) is specifically a model of cognitive impairment in
schizophrenia and is perhaps the most widely used model of schizophrenia in
animals. In rats, a number of studies of the effects of nicotine on PPI have been
conducted. In one study, Curzon et al. (1994) found that an acute nicotine injection
improved PPI (Curzon et al. 1994), a finding that is dependent on the strain of rat
used (Acri et al. 1995) and the species (Schreiber et al. 2002). Indeed, chronic
nicotine impaired PPI in Long Evans rats (Faraday et al. 1998) but enhanced it in
Sprague Dawley rats (Faraday et al. 1999) and decreased PPI in Sprague Dawley
rats (Schreiber et al. 2002). The reasons for these discrepancies are unknown, but
together, they point to the fact that nicotine may improve cognition. In another
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study, rats were given daily injections with nicotine and their response to nicotine
analyzed in terms of basal levels of PPI (Kayir et al. 2011). In rats that exhibited
low-baseline PPI, more sensitization to nicotine was observed than in those with
high basal levels of PPI.

Taken together, there are so far relatively few investigations that have explored
how animal models of schizophrenia impact nicotine’s effects. The existing evi-
dence suggests that locomotor, reinforcing, and possibly cognitive effects of nic-
otine are enhanced in some of those animal models. However, those data should be
considered preliminary as more data is needed to be able to conclude with certainty.

4 Mood Disorders as Vulnerability for Nicotine Addiction

Depression-like phenotypes are most commonly assessed in rodents using the
forced swim test or the sucrose preference test. In the forced swim test, rodents are
placed in a beaker of water from which they cannot escape. At first, rodents will
struggle and swim around. After a period, they will become immobile and float.
Greater time spent immobile during the test is thought to reflect “despair” and the
forced swim test is often used to screen for antidepressant medications as drugs
with known antidepressant properties tend to decrease time spent immobile (Porsolt
et al. 1978, 1977). The sucrose preference test is meant to measure anhedonia or
decreased ability to find pleasure in normally pleasurable things. Rodents are given
free choice between drinking from a bottle of water or a bottle of sucrose water
available in the same cage. Usually, rodents show a strong preference for sucrose
water; a significant decrease or lack of such a preference is interpreted as anhedonia
(Katz 1982; Nestler and Hyman 2010).

4.1 Nicotine Effects in Untreated Rodents

Some studies have found decreased immobility time in the forced swim test in naïve,
untreated rodents. Whether administered acutely, subchronically, or chronically,
nicotine was found to decrease immobility in adult male Wistar rats, without evidence
of post-chronic withdrawal (Vázquez-Palacios et al. 2004). Interestingly, subchronic
nicotine exposure also appeared to synergize with the antidepressant effects of flu-
oxetine in this study. However, other studies have also found no effects of nicotine on
forced swim test performance, suggesting sex and strain differences greatly affect
response to nicotine (Tizabi et al. 1999, 2009, 2010). There may be age-dependent
effects for nicotine’s antidepressant effects also, as acute nicotine had no effect in
adolescent Sprague-Dawley rats despite finding them in adults (Villégier et al. 2010).
Acute nicotine has also been found to decrease immobility in mice (Andreasen et al.
2009; Andreasen and Redrobe 2009a, b; Suemaru et al. 2006).
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4.2 Nicotine Effects in Rat Strains that Model Depression

Nicotine has antidepressant effects in three inbred rat lines that show depression-
like phenotypes. The flinders sensitive line (FSL) of rats was selectively bred to be
hypersensitive to cholinergic stimulation and spend more time immobile in the
forced swim test than the flinders resistant line (FRL) (Tizabi et al. 1999). Tizabi
and colleagues found that acute or chronic (14 day) nicotine treatment significantly
decreased immobility time. Wistar-Kyoto (WKY) rats are another inbred line. In
addition to greater immobility in the forced swim test, they have altered sleep
patterns, and more anxious and prone to stress ulcers (Tizabi et al. 2010). Adult
female WKY rats along with control Wistar rats were given nicotine once or twice a
day for 14 days and then were tested on the forced swim test at two time periods
after the last injection (Tizabi et al. 2010). When tested 15 min after the last
injection, once- or twice-daily nicotine increased immobility in WKY rats but not
controls. However, when tested 18 h after the last injection, twice-daily treatment
led to decreased immobility in WKY rats. Finally, Fawn-Hooded (FH) rats show
depressive-like behaviors, voluntarily consume high alcohol contents and also show
greater immobility in the forced swim test. Similar to the FSL rats, both acute and
chronic nicotine treatments decreased immobility time in FH rats (Tizabi et al.
2009).

4.3 Nicotine Effects in Environmentally Induced Models
of Depression

Antidepressant effects for nicotine have also been demonstrated in several animal
models of depression that depend on environmental manipulations. Chronic nico-
tine had antidepressant effects in a learned helplessness model (Semba et al. 1998).
In this manipulation, rats were placed in a cage where foot shocks are first delivered
in an escapable fashion. Rats could stop the shock by pulling and releasing a disk
mounted on the ceiling. This was followed by a second phase of inescapable
shocks. Two days after the inescapable shock, rats were tested again in an escapable
manner. Rats that failed to escape during these post-shock tests were considered as
learned helpless. 14 days of nicotine treatment significantly decreased escape
failures. Importantly, this antidepressant-like effect could be blocked by co-treat-
ment with mecamylamine, a nicotinic receptor antagonist.

Rat neonates given clomipramine, a monoamine re-uptake inhibitor, show
depressive-like features such as decreased pleasure seeking, altered sleep, and
greater immobility in the forced swim test. Acute, subchronic, and chronic
administrations of nicotine reduced immobility in neonatal clomipramine-treated
rats (Vázquez-Palacios et al. 2005). Chronic mild stress is yet another environ-
mental manipulation used to model depression-like phenotypes; it decreases sucrose
preference and impairs working memory (Andreasen et al. 2011). Nicotine reversed
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such decreased sucrose preference in a manner equal to the antidepressant sertraline
(Andreasen et al. 2011).

In recent literature, a study in the olfactory bulbectomy (OBX) model of
depression arguably provides the most relevant test to date of the self-medication
hypothesis (Vieyra-Reyes et al. 2008). The authors allowed OBX rats and sham-
operated controls to voluntarily intake oral nicotine for 14 days or injected them
daily with nicotine for 14 days before measuring them on the forced swim test. The
effects of nicotine were compared to transcranial magnetic stimulation. Nicotine,
whether taken orally in a self-regulated manner or via daily injections, decreased
depression-like symptoms more than transcranial magnetic stimulation. Self-regu-
lated oral nicotine decreased immobility in the forced swim test in both sham-
operated and OBX rats. Interestingly, OBX animals had greater self-regulated
intake of nicotine than sham-operated animals, which can be consistent with the
self-medication hypothesis. A more recent intravenous nicotine self-administration
study in a heterogenous stock of outbred rats also found that measures of depression
predicted nicotine intake (Wang et al. 2014).

5 Anxiety Disorders as Vulnerability for Nicotine Addiction

Two behavioral tests have been used most frequently to model anxiety disorder-like
states in rodents: the social interaction test and the elevated plus maze (Pellow et al.
1985). The social interaction test is thought to model generalized anxiety disorder and
measures social interaction behaviors such as following, sniffing, and grooming as
well as aggression toward a conspecific. Anxious rodents will tend to spend signif-
icantly less time in social interaction with a partner. The elevated plus maze is an
elevated platform with four arms. Two opposing arms are “closed” with high arms,
and the other two arms are open with no walls. The primary measures are percent
time spent in open arms and number of open-arm entries. Most rodents will prefer
spending exploring in the closed arms than the more threatening open arms.
Decreased entries into and time spent in the open arms are considered a measure of
anxiety. There can be two trials associated with the elevated plus maze. A first 5 min
exposure is thought to model the escape components of panic disorder, whereas a
second 5 min exposure is thought to model specific phobia (File et al. 2000).

5.1 Acute Systemic Nicotine and Anxiety

The effect of acute systemic nicotine on behavior in the social interaction test is highly
dependent on dose and timing of testing. Low doses tended to be anxiolytic, whereas
high doses are anxiogenic (File et al. 1998). Low doses could also have anxiolytic or
anxiogenic responses depending on the timing. Testing 5 min after a low dose
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produced anxiogenic effects, whereas testing 30 min after injection was anxiolytic and
testing 60 min after injection was again anxiogenic (Irvine et al. 1999).

Acute systemic nicotine has even more complex effects in the elevated plus maze
that are not dose-dependent but probably dependent on a mix of factors including
age, sex, strain, and basal anxiety levels. Anxiolytic (Villégier et al. 2010), anxi-
ogenic (Zarrindast et al. 2012), and no effects of nicotine (Braun et al. 2011) have
been found in the elevated plus maze in rats. Nicotine had anxiolytic effects in
adolescent male rats but was anxiogenic for adult males and females whether
adolescent or adult (Elliott et al. 2004). Bidirectional responses have also been
found in mice, with some investigators reporting anxiolytic effects with a low-dose
and anxiogenic effects with high doses in CD1 mice (Balerio et al. 2005, 2006) and
Swiss Webster mice (Varani et al. 2012), while others have found primarily anx-
iogenic effects at an intermediate dose in Swiss mice (Biala and Kruk 2009; Biala
et al. 2009).

5.2 Chronic Nicotine and Anxiety

Perhaps of more relevance, to the question of whether people with anxiety disorder
smoke to self-medicate, are studies on longer term dosing regimens of nicotine.
Irvine et al. (2001) found tolerance to nicotine’s effects on anxiety with longer
courses of administration in the social interaction test. They found nicotine had
anxiogenic effects 30 min after an acute dose. However, if this same dose was
administered for a week, this anxiogenic effect was abolished by the seventh day
(Irvine et al. 2001). Interestingly, after 7 days of low-dose nicotine, a novel anx-
iolytic effect was found when subjects were tested 5 min post-injection. However,
tolerance also developed to this anxiolytic effect with a further 7 days of low-dose
nicotine. In the elevated plus maze, chronic nicotine also leads to tolerance to
anxiogenic effects but sensitization to anxiolytic effects (Bhattacharya et al. 1995;
Ericson et al. 2000; Irvine et al. 2001; Olausson et al. 2001). Tolerance to the acute
anxiogenic effects of nicotine were also found in mice after a 7-day subchronic
treatment regime (Biala and Kruk 2009; Biala et al. 2009) but in the elevated plus
maze.

Of most relevance to the question of self-medication, Irvine et al. (2000) mea-
sured anxiety using the social interaction test in rats that were self-administering
nicotine. They found that rats on self-administering nicotine had significantly less
social interactions with no reductions in locomotion, suggesting an anxiogenic
effect of nicotine. These results are contrary to the hypothesis that smokers smoke
for the anxiolytic effects of nicotine. However, a recent self-administration study in
outbred rats also found that measures of anxiety could help predict nicotine intake
and reinstatement after extinction in male rats (Wang et al. 2014).

Studies show that withdrawal from chronic nicotine can increase anxiety. In the
social interaction test, rats withdrawn for 72 h after one or two weeks of nicotine
injection showed anxiogenic responses (Irvine et al. 1999). Interestingly, this effect
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seems specific to nicotine injections, as rats tested 24 or 72 h after 4 weeks of
nicotine self-administration did not show an anxiogenic effect (Irvine et al. 2000).
In the elevated plus maze as well, withdrawal after chronic nicotine injections is
anxiogenic (Bhattacharya et al. 1995; Irvine et al. 2001).

5.3 Nicotine in Development and Anxiety

Recent studies looking at early-life exposure to nicotine also demonstrate signifi-
cant anxiogenic effects but also in complex sex- and strain-dependent manners.
Prenatal nicotine exposure in CD1 mice led to greater anxiety in the elevated
platform and Suok tests but not in the elevated plus maze (Santiago and Huffman
2014). Prenatal and postnatal nicotine exposure to nicotine reduced time spent in
open arms in C57BL/6 male mice as adults but increased open-arm time in DBA/2J
female adult mice (Balsevich et al. 2014). In rats, adolescent nicotine exposure led
to decreased exploration in the open field and quicker retreat to the perimeter of the
field, suggesting heightened anxiety (Slawecki et al. 2003, 2004). However, another
study found that adolescent nicotine exposure did not have any effects on elevated
plus maze behavior as adults (Kupferschmidt et al. 2010).

6 Conclusions

Despite the high prevalence of tobacco smoking in all those psychiatric conditions,
very few studies have explored using animal models how the reinforcing effects are
altered, concerning the issue of drug addiction enhancing the vulnerability for
nicotine addiction. Very few studies have been performed, and recent evidence
suggests that THC exposure might increase the reinforcing effects of nicotine, but
the situation is less clear following alcohol or cocaine exposure. Further studies are
needed in this area, concerning the link with schizophrenia and nicotine addiction.
Very few studies have been conducted and not using the most relevant models for
most of those studies. It appears that animal models of schizophrenia may enhance
nicotine-addictive effects, but the evidence collected so far is not clear enough to be
able to conclude. In addition to the known antidepressant effects of nicotine, there is
also evidence that animals more prone to “depressive states” may have higher
nicotine intake. The situation appears more complicated for anxiety as nicotine has
sometimes opposite effects on anxiety (bimodal modulation), but there seems to be
an enhanced nicotine intake under those models. Taken together, this review
indicates that there is a need for more studies to validate the findings in this area and
that some of those studies may support the fact that reinforcing effects of nicotine
may be enhanced in those animal models of psychiatric disorders.
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