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Abstract
Nicotine is the principle addictive component that drives continued tobacco use despite users’
knowledge of the harmful consequences. The initiation of addiction involves the
mesocorticolimbic dopamine system, which contributes to the processing of rewarding sensory
stimuli during the overall shaping of successful behaviors. Acting mainly through nicotinic
receptors containing the α4 and β2 subunits, often in combination with the α6 subunit, nicotine
increases the firing rate and the phasic bursts by midbrain dopamine neurons. Neuroadaptations
arise during chronic exposure to nicotine, producing an altered brain condition that requires the
continued presence of nicotine to be maintained. When nicotine is removed, a withdrawal
syndrome develops. The expression of somatic withdrawal symptoms depends mainly on the α5,
α2, and β4 nicotinic subunits involving the epithalamic habenular complex and its targets. Thus,
nicotine taps into diverse neural systems and an array of nicotinic acetylcholine receptor (nAChR)
subtypes to influence reward, addiction, and withdrawal.
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INTRODUCTION AND SUMMARY
Tobacco use is the leading cause of preventable death in developed countries (Benowitz
2008, Mathers & Loncar 2006, Peto et al. 1996), and nicotine is the main addictive
component (Benowitz 2009, Dani et al. 2009, Dani & Heinemann 1996, Mansvelder &
McGehee 2002). Nicotine is a tertiary amine alkaloid. In its charged form, nicotine binds to
diverse nicotinic acetylcholine receptor (nAChR) subtypes that have unique expression
patterns in the central nervous system. Like the cholinergic neurotransmitter systems,
nAChRs are widely distributed, and they participate in cholinergic signaling in nearly every
neural area (Changeux & Edelstein 2005, Dani & Bertrand 2007, Woolf 1991). In its
uncharged form, nicotine is membrane permeable. Therefore, nicotine can influence
intracellular processes indirectly via nAChRs and directly by entering the cytoplasm (Lester
et al. 2009, Rezvani et al. 2007).

Nicotine initiates addiction by impinging directly on neural circuitry that normally
reinforces behaviors that lead to rewarding goals. Since the earliest studies of intracranial
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electrical self-stimulation, investigators have identified cortical and limbic brain structures
as mediating reward (Olds 1958, Olds & Milner 1954). In particular, the mesocorticolimbic
dopamine (DA) system plays an important role in self-stimulation and in processing
environmental reward. Likewise, this DA system plays a critical role in the acquisition of
behaviors that are inappropriately reinforced by psychostimulant drugs, including nicotine
(Balfour 2004, Corrigall 1999, Dani et al. 2009, Dani & Heinemann 1996, Di Chiara 2000,
Mansvelder & McGehee 2002). One important dopaminergic pathway originates in the
ventral tegmental area (VTA) of the midbrain and projects to the prefrontal cortex (PFC) as
well as to limbic and striatal structures, including the nucleus accumbens (NAc). Acting
mainly via midbrain nAChRs composed of the β2 subunit in combination with the α4 and/or
α6 subunits, nicotine increases the firing rate and phasic burst activity of midbrain DA
neurons and elevates DA in the PFC, NAc, and other targets (Imperato et al. 1986, Grenhoff
et al. 1986, Mameli-Engvall et al. 2006, Pons et al. 2008, Zhang et al. 2009b). Those
decisive mechanistic actions underlie nicotine’s ability to enhance reward from brain
stimulation, reinforce conditioned place preference, and support self-administration
(Corrigall 1999, Dani et al. 2009, Dani & Harris 2005, Mameli-Engvall et al. 2006, Picciotto
et al. 1998, Stolerman & Shoaib 1991).

After chronic use of nicotine, removal of nicotine produces a withdrawal syndrome that can
be relieved by nicotine replacement therapy (Dani et al. 2009, Dani & Heinemann 1996, De
Biasi & Salas 2008, Di Chiara 2000, Mansvelder & McGehee 2002, Stolerman & Shoaib
1991). The withdrawal syndrome is not mediated exactly by the same mechanisms or by the
same neural circuits that initiate addiction or dependency. The epithalamic habenular
complex and its targets appear to be critical for the withdrawal syndrome. The medial
habenula (MHb) and one of its primary targets, the interpeduncular nucleus (IPN), richly
express β4 and α5 nAChR subunits (and α2 only in the rodent IPN), which are necessary for
the neuroadaptations that lead to somatic withdrawal symptoms during nicotine abstinence
(Salas et al. 2004b, 2009). Recent research shows that nicotine-induced reward, addiction,
and withdrawal involve a wide range of nAChR subtypes expressed in diverse neural
systems.

REWARD AND INITIATION OF ADDICTION
Rewarding stimuli promote learning of goal-directed behaviors, generate positive emotions,
and subsequently stimulate repetition of those learned behaviors (Schultz 2010, Thorndike
1911). Intrinsic neural responses to reward evolved to ensure successful behaviors that
perpetuate the genetic material of the individual and its species. Therefore, reward
mechanisms are observed across species, from insects to primates (Hodos 1961, Lau et al.
2006, McClure et al. 2007, Qin & Wheeler 2007, Wise 2006). For humans, rewards can be
more complex and abstract than food and sex and can take the form of monetary, aesthetic,
cognitive, or social stimuli (Montague et al. 2006, O’Doherty et al. 2001). The effectiveness
or value of rewards can be estimated by measuring the effort a subject expends on behaviors
that achieve the rewarded goal (Hodos 1961, Schultz 2006).

The overall circuitry that mediates reward is broad and diverse, but particular fiber tracts and
nuclei are now recognized as being especially important. The study of the brain reward
circuitry was spearheaded in the 1950s by Olds and Milner (Olds 1958, Olds & Milner
1954), who showed that rats work incessantly to self-administer intracranial electrical
stimulation to certain regions of the brain (Conover et al. 1994, Routtenberg & Lindy 1965,
Spies 1965). Early investigations showed that the midbrain dopamine (DA) systems have an
important role in the response to salient stimuli and to brain self-stimulation (Phillips &
Olds 1969; Fibiger 1978, Wise 1978). Self-stimulation of the medial forebrain bundle
facilitates DA release (Garris et al. 1999, Gratton et al. 1988, Phillips et al. 1989), and DA
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receptor antagonists or DA neuron lesions inhibit brain self-stimulation (Fouriezos & Wise
1976, Lippa et al. 1973, Stellar & Corbett 1989). Those early studies emphasized the
importance of the mesocorticolimbic DA pathways during reward-motivated behaviors. The
DA efferents originating from the midbrain VTA and particularly targeting the PFC and
NAc became recognized as paramount neural structures shaping reward-related behavior
(Schultz et al. 1997; Wise 2004, 2009; Wise & Rompre 1989). However, the role of the DA
projections from the substantia nigra compacta (SNc) and wide-ranging DA targets have
important, but less well-defined, roles (e.g., see Packard & Knowlton 2002).

The midbrain DA area expresses diverse nAChR subtypes (Grady et al. 2010, Klink et al.
2001, Pidoplichko et al. 1997, Wooltorton et al. 2003) and receives afferent cholinergic
innervation from the nearby pedunculopontine tegmentum (PPT) and the laterodorsal
tegmentum (LDT), which are a loose collection of cholinergic neurons interspersed with γ-
aminobutyric acid (GABA)ergic and glutamatergic neurons (Omelchenko & Sesack 2005).
Although the VTA receives a strong excitatory glutamate input from the PFC, that excitation
is mainly onto DA neurons that project back to the cortex, not to the NAc (Carr & Sesack
2000). Rather, the PPT/LDT neurons provide potent glutamatergic excitation to the DA
neurons projecting to the NAc (Omelchenko & Sesack 2005). In addition, the PPT/LDT
cholinergic afferents have important endogenous influences over DA neurons by acting via
nAChRs (Maskos 2008, 2010). The PPT/LDT cholinergic afferents boost glutamate afferent
transmission via presynaptic nAChRs (Pidoplichko et al. 2004, Schilstrom et al. 2000) and
provide some excitatory drive to GABA projection neurons and interneurons, mainly via β2-
containing (β2*) nAChRs (Mansvelder et al. 2002, Pidoplichko et al. 2004, Pons et al.
2008). The PPT/LDT contribute to events associated with drug taking (Picciotto & Corrigall
2002), as exemplified by lesions in the PPT reducing nicotine self-administration (Lanca et
al. 2000). This influence of the PPT/LDT arises, at least in part, because these areas
contribute to the phasic burst firing of DA neurons (Floresco et al. 2003, Lodge & Grace
2006).

In the midbrain, nAChRs comprising the β2 nAChR subunit in combination with α4 and/or
α6 subunits are essential for nicotine-induced reinforcement and the DA signal (Drenan et
al. 2010, Mameli-Engvall et al. 2006, Picciotto et al. 1998, Pons et al. 2008, Tapper et al.
2004). Nicotine directly activates DA neurons via those and other nAChR subtypes
(Pidoplichko et al. 1997), and nicotine modifies the firing modes and firing frequency of DA
neurons through excitatory and inhibitory inputs and synaptic plasticity (Mameli-Engvall et
al. 2006; Schilstrom et al. 2000, 2003; Zhang et al. 2009b).

DA neurons display a number of different firing modes that for convenience will be grouped
into two different contributions: tonic and phasic. Tonic firing is at a relatively low
frequency (roughly 4 Hz) that generally consists of individual action potentials. Phasic firing
is usually at a higher average frequency, and it includes high-frequency burst discharges
(roughly 20–80 Hz) (Grace et al. 2007; Grace & Bunney 1983, 1984; Hyland et al. 2002;
Robinson et al. 2004). Although phasic bursts can be rather short, sometimes containing
only one or two extra spikes, they are thought to convey or differentiate behaviorally
relevant information. For example, phasic burst firing is induced by unpredicted reward or
unanticipated cues that have been conditioned to a known reward (Schultz 2007b, Schultz et
al. 1997). Disrupting those bursts impairs conditioned behavioral responses, diminishes the
ability to learn cues about reward and salience, and disrupts the overall processing of reward
(Schultz 2007b). Phasic burst firing by DA neurons and the consequent downstream phasic
DA signals are vital for processing reward-related information and, thus, are important for
the initial phase of addiction.
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While increasing the firing of DA neurons, nicotine potently increases the number and
length of phasic bursts that mediate the processing of reward (Figure 1) (Grenhoff et al.
1986, Mameli-Engvall et al. 2006, Zhang et al. 2009b). The phasic burst firing induced by
nicotine causes greater extracellular DA release compared with tonic, single-spike firing
(Floresco et al. 2003, Gonon 1988, Grace 1991, Zhang et al. 2009b). This burst firing mode
normally mediates the phasic behavioral response to salient environmental stimuli (Maskos
et al. 2005, Schultz et al. 1997). Nicotine, however, acts directly on this circuitry, as if a
reward-related sensory input has been received. In mice lacking the β2 nAChR subunit (β2
−/−), nicotine does not induce phasic bursts by DA neurons (Mameli-Engvall et al. 2006),
nicotine does not induce DA release, and nicotine does not support self-administration
(Picciotto et al. 1998).

The irrefutable role of β2* nAChRs in the reinforcing properties of nicotine is reflected in
the analysis of nAChR null mice in combination with nAChR subunit re-expression with
lentiviral techniques (Mameli-Engvall et al. 2006, Pons et al. 2008). Nicotine self-
administration is reinstated by re-expression of the β2 subunit in the VTA but not in the
neighboring SNc (Avale et al. 2008), confirming the specific role of the VTA in reward.
Nicotine self-administration is also reinstated by the re-expression of either the α4 or the α6
nAChR subunit, consistent with the expression of α4β2 and α4α6β2 nAChRs in the VTA
(Pons et al. 2008). Thus, β2* nAChRs in combinations with both α4 and α6 subunits are
important for the reinforcing properties of nicotine, and the α4 and α6 subunits cannot
completely substitute for each other even though they are abundantly expressed in VTA
neurons (Champtiaux et al. 2003, Salminen et al. 2007).

Interestingly, local re-expression of α7 in the VTA did not reinstate self-administration in α7
−/− mice (Pons et al. 2008), consistent with the pharmacological evidence indicating that
the α7 subunit does not influence chronic nicotine self-administration in trained rats
(Grottick & Higgins 2000) nor nicotine-induced conditioned place preference (Stolerman et
al. 2004, Walters et al. 2006). The roles of α7* nAChRs in nicotine addiction may be more
subtle and widely distributed in the CNS, and these receptors may work appropriately only
in combination with other nAChR subtypes. For instance, the α7 nAChRs seem to fine-tune
nicotine-induced DA neuron firing only after β2* nAChRs have been activated (Mameli-
Engvall et al. 2006).

DOWNSTREAM FROM DOPAMINE NEURON PHASIC BURSTS
If phasic burst firing by DA neurons is critical for nicotine self-administration, what are the
downstream consequences of those bursts? The targets innervated by DA projections are
broad and diverse, and their influences on reward-related behaviors have focused attention
onto limbic and cortical sites, including the ventral and dorsal striatum, the amygdala, the
hippocampus, the PFC, and the orbitofrontal cortex. Those DA projection target areas are
involved in reinforcement (ventral striatum), learning and declarative memory
(hippocampus), emotional memory (amygdala), and habit formation (dorsal striatum), as
well as executive functions and working memory (PFC and orbitofrontal cortex) (Schultz W.
2007b, Laviolette 2007, Seamans & Yang 2004). Therefore, the dopaminergic system
broadly influences neural processing that underlies reward-based, as well as other,
mechanisms for memory and behavior. The NAc of the ventral striatum has garnered special
interest in processing reward, beginning with the early intracranial self-stimulation
experiments. Electrodes placed along fibers leading to the NAc potently mediate self-
stimulation (Corbett & Wise 1979, Olds & Olds 1969).

The NAc and portions of the olfactory tubercle comprise the ventral striatum, which is
mainly limbic related. It receives extensive excitatory innervation from the PFC, the
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hippocampus, and the amygdala (Haber et al. 2000, Heimer 2000, Pennartz et al. 1994). The
primary DA innervation arises from the VTA and, to a much lesser degree, from the SNc
(van Domburg & ten Donkelaar 1991). Among its functions, the NAc serves as the limbic-
motor or motivation-action interface, and those functions are part of the NAc participation in
reward-based learning and addiction (Haber et al. 2000, Mogenson et al. 1980). Addictive
drugs (including nicotine) increase the basal DA concentration in the NAc shell as measured
by microdialysis, but that background increase is smaller or not detected in the dorsolateral
striatum (Di Chiara 1999, Pidoplichko et al. 2004, Pontieri et al. 1996, Zhang et al. 2009b).
This increase in basal or background DA measured by microdialysis in the NAc shell is
considered indicative of a drug’s addictive influence.

Nicotine, at the concentration obtained from tobacco, induces phasic bursts from VTA/SNc
DA neurons (Figure 1b) that innervate much of the dorsal to ventral extent of the striatum
(Grenhoff et al. 1986, Pidoplichko et al. 1997, Schilstrom et al. 2003, Zhang et al. 2009b),
suggesting that the DA signal should be comparable throughout the striatum. However,
nicotinic and other local striatal mechanisms regulate the frequency dependence of DA
release (Cragg 2003, Rice & Cragg 2004, Zhang et al. 2009a, Zhang & Sulzer 2004, Zhou et
al. 2001). Nicotinic receptors are expressed on DA neuron fibers and terminals, and the
activity of those nAChRs, particularly containing the β2, α4, and α6 subunits (Pons et al.
2008), is highly regulated by ongoing striatal cholinergic interneuron discharges and dense
acetylcholine esterase activity (Zhou et al. 2001, 2003).

Although only ~2% of the striatal neurons are cholinergic, they have extremely dense axonal
arbors that provide denser cholinergic innervation than is seen anywhere else in the brain
(Butcher & Woolf 1984, Zhou et al. 2001, 2002). The background firing rate of striatal
cholinergic neurons is ~6 Hz, providing ongoing acetylcholine (ACh) release via direct
synaptic transmission and volume transmission (Dani & Bertrand 2007, de Rover et al.
2002, Koos & Tepper 2002, Wilson 2004). The dense striatal acetylcholine esterase rapidly
hydrolyzes the released ACh, preventing the appearance of long-lasting ACh signals that
would strongly desensitize the high-affinity subtypes of nAChRs (Dani et al. 2000, Grady et
al. 1994, Wooltorton et al. 2003). This ongoing ACh release and breakdown produce a
background of cholinergic activity in the striatum that has a number of functions, including
regulation of DA release (Exley & Cragg 2008, Zhang et al. 2009a, Zhang & Sulzer 2004).

The frequency dependence and nicotinic modulation of DA release differ in the dorsolateral
striatum and NAc shell (Chergui et al. 1994; Cragg 2003; Cragg et al. 2002; Zhang et al.
2009a,b). Direct measures of DA release using fast-scan cyclic voltammetry indicate that the
transfer function relating DA neuron activity and DA release differs in those (and likely
other) locations (Figure 2) (Cragg 2003, Rice & Cragg 2004, Zhang et al. 2009a, Zhang &
Sulzer 2004, Zhou et al. 2001). Presynaptic or axonal nAChRs enhance DA release evoked
at low firing frequencies (Zhou et al. 2001). The ongoing activity of striatal cholinergic
interneurons (Bennett & Wilson 1999) excites presynaptic nAChRs on the DA terminals
(Jones et al. 2001), producing an increase of intraterminal calcium that enhances DA release
(Grady et al. 1997, Wonnacott et al. 2000). However, when nicotine is added to striatal brain
slices, a significant proportion of presynaptic and axonal nAChRs is desensitized. As a
consequence, low-frequency, tonic DA release is inhibited (Rice & Cragg 2004, Zhang &
Sulzer 2004, Zhou et al. 2001), but phasic DA release is regulated differently, such that
phasic bursts induce large DA signals (Cragg 2003; Rice & Cragg 2004; Zhang et al.
2009a,b).

The difference in DA release between the NAc shell and the dorsal striatum is exemplified
in Figure 2, which shows DA-concentration traces arising from electrical stimulation applied
to DA afferents (Zhang et al. 2009a,b). In the NAc shell, phasic burst discharges produce a
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greater increase in DA release than in the dorsal striatum, where the DA release from a
single-pulse stimulus is comparable to the release from a phasic-burst stimulus. These
results arise, in part, because the probability of DA release to a single-action potential is
greater in the dorsal striatum than the NAc shell (Zhang et al. 2009a,b; Zhang & Sulzer
2004). In the dorsal striatum, DA release probability is already high in response to a single-
tonic stimulus. Therefore, a phasic burst is not able to increase DA release much further. On
the other hand, the NAc shell has a low probability of release in response to a single-tonic
stimulus and, thus, has further to increase DA release in response to a phasic burst.

More telling was the experiment examining the effect of nicotine over DA release (Figure
3). A stimulus train representing in vivo DA neuron firing in the absence or presence of
nicotine evokes DA release differently from a dorsal striatal slice (Figure 3a) and from a
NAc shell slice (Figure 3b). The stimulus trains are shown below the DA-concentration
traces. With identical DA neuron bursting, nicotine increases the average DA release more
in the NAc shell than in the dorsal striatum (Figure 3c). The details of the DA signaling
change in both anatomical areas, but as judged by the area under the curves (Figure 3a,b),
the data suggest that the background DA concentration would increase in the NAc shell and
not the dorsal striatum (Zhang et al. 2009b). These results are consistent with the direct
measurements of background DA concentrations made by microdialysis (Zhang et al.
2009b).

Measured in vivo from the VTA, nicotine administration to a rat causes (some) DA neurons
to fire at a higher rate and to fire more and longer bursts (Figure 1). The downstream DA
signaling is altered, but the transfer function from DA neuron spikes to DA release is
dependent on the target and time because regulatory mechanisms change with local
conditions (Zhang et al. 2009a). DA axon terminals in the dorsolateral striatum and NAc
shell respond differently to incoming action potentials, consistent with phasic bursts
inducing a greater increase of DA release in the NAc shell (Cragg 2003; Rice & Cragg
2004; Zhang et al. 2009a,b; Zhang & Sulzer 2004), which has a more important role in
mediating the rewarding properties of nicotine that drive the early phases of addiction.
Given the properties and topology of DA fiber tracts, it is likely that DA release in cortical
areas commonly responds to DA firing frequency more as is seen in the NAc shell rather
than as is seen in the dorsal striatum.

Despite these potent effects of nicotine in the striatum, it is the nAChRs and nicotinic
mechanisms within and impinging on the midbrain DA centers that are required for the
addictive drive of nicotine (Mameli-Engvall et al. 2006, Maskos et al. 2005, Pons et al.
2008). Synaptic plasticity within the midbrain and onto DA neurons is an important early
step in the nicotine addiction process (Dani et al. 2001, Mansvelder et al. 2002, Mansvelder
& McGehee 2000, Pidoplichko et al. 2004). The extensive cholinergic innervation and
nicotinic effects throughout the striatum suggest, however, that the direct and indirect
actions of nicotine on the striatal (and other) targets also serve underappreciated roles in the
overall nicotine addiction process.

AVERSIVE SENSORY SIGNALING IN THE MESOCORTICOLIMBIC SYSTEM
Nicotine in both humans and animals follows an inverted U-shaped dose-response curve,
with aversive effects coming into play at higher nicotine concentrations (Ashton et al. 1980,
Fattore et al. 2002, Herskovic et al. 1986, Paterson et al. 2003). Aside from effects on the
peripheral nervous system, this dose-response relationship arises from nicotine acting on a
heterogeneous population of nAChR subtypes in different neuronal circuits that mediate
rewarding and aversive effects. Smokers titrate their nicotine intake to experience the
rewarding while avoiding the aversive actions (Benowitz 2001, Benowitz & Jacob 1985,
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Dani et al. 2009, Hutchison & Riley 2008, Kassel et al. 2007, Simpson & Riley 2005, Wise
et al. 1976).

Although investigators originally postulated that the DA released from the VTA mediates
only the hedonic or pleasurable effects of natural reinforcers and drugs in the NAc, evidence
indicates that DA can signal events of opposite hedonic valence based on novelty or
salience. Reward omission induces phasic inhibition of VTA neurons (Schultz 2007a,b), and
aversive stimuli excite ventral (Brischoux et al. 2009) and inhibit dorsal (Ungless et al.
2004) VTA neurons. VTA inhibition has been proposed to signal the motivational value of
unexpected, aversive events whereas VTA excitation is thought to signal salience to help
respond to environmental changes (Bromberg-Martin et al. 2010). In the NAc of rats,
intraoral sucrose (i.e., rewarding) infusion increased DA levels, whereas quinine (i.e.,
aversive) infusion decreased DA levels (Roitman et al. 2008). Owing to afferents mediating
sensory input, NAc neurons decrease their firing to appetitive stimuli and increase their
firing to aversive stimuli (Roitman et al. 2005). Because the activity of DA neurons and the
resulting DA release on its targets depend on the balance between excitatory and inhibitory
inputs (Marinelli et al. 2006), understanding how DA neurons are inhibited provides insight
into behavior and the complex effects of nicotine.

Aversive, negative sensory input is processed by the habenular complex, an epithalamic
structure involved in fear, anxiety, depression, and stress (Geisler et al. 2008, Ikemoto 2010,
Winter et al. 2010). The habenula is divided into the MHb and the two divisions of the
lateral nucleus (LHb). It receives massive afferents from the medial frontal cortex, the NAc,
the olfactory bulb, the septum, and the striatum via the stria medullaris thalami and sends
projections to the IPN, the VTA, the SNc, the medial raphe complex, the locus coeruleus,
and the periaqueductal gray (Geisler et al. 2008; Greatrex & Phillipson 1982; Herkenham &
Nauta 1977, 1979; Kim & Chang 2005; Scheibel 1997; Sutherland 1982). Whereas the MHb
receives inputs primarily from the limbic system and sends outputs mainly to the IPN, the
LHb receives inputs primarily from the basal ganglia and sends outputs mainly to
dopaminergic and serotonergic neurons (Hikosaka 2010).

An aversive sensory input administered to monkeys elicits LHb activity that indirectly
inhibits DA neurons (Hikosaka et al. 2008; Ikemoto 2010; Matsumoto & Hikosaka 2007,
2009). Functional MRI studies in humans are consistent with those results. A human
decision-making error that causes a negative sensory feedback or the absence of an expected
sensory reward produces strong activity within the habenular complex (Salas et al. 2010,
Shepard et al. 2006, Ullsperger & von Cramon 2003). The firing patterns of glutamatergic
LHb neurons negatively correlate with the firing patterns of DA neurons. For example, LHb
neurons increase their firing in the absence of predicted reward and decrease their firing
upon delivery of reward, which is opposite from the usual firing of DA neurons (Hikosaka et
al. 2008, Matsumoto & Hikosaka 2007). Furthermore, electrical stimulation of the LHb
inhibits most DA neurons (Christoph et al. 1986, Ji & Shepard 2007, Matsumoto &
Hikosaka 2007). In contrast, habenular lesions increase DA turnover in the NAc and PFC,
reflecting an activation of the dopaminergic system (Lisoprawski et al. 1980, Nishikawa et
al. 1986).

Recent studies suggest that the LHb, rather than projecting directly to the VTA, exerts its
effects through the stimulation of neurons in the newly characterized rostromedial tegmental
nucleus (RMTg), a region at the tail of the VTA (Perrotti et al. 2005). The RMTg sends
GABAergic projections to the VTA and SNc and inhibits DA cells (Ikemoto 2010, Jhou et
al. 2009a). As in the LHb, RMTg neurons are phasically activated by aversive stimuli and
inhibited by natural rewards such as food or reward-predictive stimuli, and conversely,
RMTg neurons are stimulated by aversive stimuli (Jhou et al. 2009b). RMTg neurons are
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also modulated by drugs of abuse, such as cocaine and methamphetamine. Nicotine
increases the RMTg neuron activity (Lecca et al. 2010). Because physiological doses of
nicotine commonly stimulate DA neurons (Grenhoff et al. 1986, Mameli-Engvall et al.
2006, Pidoplichko et al. 1997, Zhang et al. 2009b), nicotine-induced RMTg activity may
contribute to the inverted U-shaped dose-response curve. Furthermore, a transient inhibition
of some DA neurons can be detected before the longer-lasting, nicotine-induced excitation
(Erhardt et al. 2002).

The MHb densely expresses nAChRs and receives rich cholinergic innervation, but its role
in regulating catecholamine transmission is not known. Although projections have been
identified from the MHb to the LHb (Kim & Chang 2005), the MHb sends most of its
projections to the IPN (Klemm 2004). The IPN, in turn, sends projections to the serotonergic
raphé nuclei and to the dopaminergic VTA (Groenewegen et al. 1986, Klemm 2004,
Montone et al. 1988). Therefore, the MHb, at least, influences monoaminergic transmission
via its connections to the IPN.

NICOTINE-INDUCED NEUROADAPTATIONS
The addiction process produces cellular adaptations that influence widely distributed neural
circuits, particularly including the mesocorticolimbic system (Koob & Le Moal 2001).
Acting via distinct anatomical distributions and cellular locations of nAChR subtypes,
nicotine produces neuroadaptations through its influence over intracellular pathways
(Wonnacott et al. 2005). Diverse nAChR subtypes are expressed on DA, GABA, and Glu
neurons of the midbrain, and nAChRs are expressed on afferent projections arriving from
diverse areas, including the cortex, the PPT/LDT, and the NAc (Kalivas 1993, Steffensen et
al. 1998, Walaas & Fonnum 1980). Each of these neuronal subpopulations expresses
nAChRs of differing subunit compositions and in differing cellular localizations (Calabresi
et al. 1989, Klink et al. 2001, Wooltorton et al. 2003).

One of the most direct and important neuroadaptations induced by chronic nicotine use is
the subtype-specific upregulation of nAChRs (Buisson & Bertrand 2001; Changeux et al.
1984; Dani & Heinemann 1996; Flores et al. 1997; Mansvelder et al. 2002; Marks et al.
1983, 1992; Perry et al. 1999; Rezvani et al. 2007, 2009; Rowell & Wonnacott 1990;
Schwartz & Kellar 1983). The mechanisms invoked for nAChR upregulation are multiple
and likely act in parallel. Because nicotine is not hydrolyzed by acetylcholine esterase, as
ACh is, nicotine’s long-lasting presence favors excessive nAChR desensitization. The
homeostatic response to desensitized (turned-off) receptors is upregulation (Dani &
Heinemann 1996, Fenster et al. 1999, Picciotto et al. 2008). Other mechanisms that likely
contribute to upregulation are decreased surface receptor turnover (Peng et al. 1997) and
increased receptor assembly at the endoplasmic reticulum (Corringer et al. 2006; Darsow et
al. 2005; Rezvani et al. 2007, 2010; Sallette et al. 2005). Isomerization of surface nAChRs
to high-affinity nicotinic sites has also been proposed (Buisson & Bertrand 2002, Vallejo et
al. 2005).

Nicotinic receptor upregulation differs among the diverse subtypes, varies among brain
regions for the same nAChR subtype, and depends on the contingency of nicotine
administration (Gaimarri et al. 2007, Marks et al. 1983, McCallum et al. 2006, Metaxas et
al. 2010, Nguyen et al. 2004, Pauly et al. 1996, Schwartz & Kellar 1983). Because nicotinic
mechanisms are distributed throughout the brain, changes in nAChR subtype expression
densities could have influences over diverse neuronal circuitry.

In parallel with and, in part, arising from nAChR upregulation, nicotine also produces
heterologous neuroadaptations. Nicotine-induced synaptic plasticity increases the α-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid/N-methyl-D-aspartate current ratio of
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glutamate receptors (GluRs) at locations mediating drug-associated memory (Dani et al.
2001, Kauer & Malenka 2007, Tang & Dani 2009), including at DA neurons (Gao et al.
2010, Placzek et al. 2009, Saal et al. 2003). Nicotine exposure also increases high-affinity
DA D2 receptors in the NAc (Novak et al. 2010), an effect, also produced by cocaine, that
causes DA hypersensitivity (Briand et al. 2008, Grigoriadis & Seeman 1986). Beyond the
well-studied events of synaptic plasticity, chronic nicotine exposure leads to further
remodeling of synapses, producing changes in scaffolding proteins, such as PSD95 and
Shank (Hwang & Li 2006, Rezvani et al. 2007). These changes derive, at least in part, from
nicotine-induced changes in protein turnover and from partial inhibition of proteasomal
function (Rezvani et al. 2007). Because proteasomes are a fundamental component of the
protein degradation machinery, nicotine entrance into the cytoplasm that influences
proteasomes has far-reaching effects even on cells that do not express nAChRs (Rezvani et
al. 2007).

Chronic nicotine exposure also has indirect effects on motivational systems by altering
synthesis and release of opioid peptides in a time-dependent and peptide-specific fashion
(Berrendero et al. 2010). The endogenous opioid system influences positive and negative
motivational and affective states (Steiner & Gerfen 1998) and participates in the behavioral
effects of several addictive drugs, including nicotine (Berrendero et al. 2005,
Hadjiconstantinou & Neff 2010, Trigo et al. 2009). Opioid peptides affect DA function in
the VTA and the striatum. In particular, dynorphins decrease and enkephalins increase the
release of DA (Devine et al. 1993; Di Chiara & Imperato 1988; Longoni et al. 1991; Pentney
& Gratton 1991; Spanagel et al. 1990a,b, 1992). In addition, DA controls the synthesis of
striatal dynorphin and enkephalin by affecting mRNA levels (Angulo & McEwen 1994,
Hadjiconstantinou & Neff 2010). These changes could have broad influence over circuits
influencing reward-related processes and, thus, drug use and withdrawal.

More generally, nAChRs affect the release of virtually every major neurotransmitter
(Alkondon et al. 1997, Dani & Bertrand 2007, Hadjiconstantinou & Neff 2010, Kenny 2010,
McGehee et al. 1995, Gray et al. 1996, Role & Berg 1996). Therefore, neuroadaptations
arising from chronic nicotine exposure may cause widespread alterations in brain
neurotransmission. Consequently, the concept that only certain brain areas narrowly and
rigidly mediate reward, aversion, and addiction to nicotine is becoming obsolete. The overall
neuroadaptations contribute to the mechanisms that maintain nicotine consumption,
including mechanisms underlying associative learning (Tang & Dani, 2009), and they also
participate in the nicotine-withdrawal syndrome (De Biasi & Salas 2008, Hadjiconstantinou
& Neff 2010).

BEHAVIORAL MANIFESTATIONS OF NICOTINE WITHDRAWAL
As the brain adapts to chronic nicotine exposure, a new homeostatic condition is achieved
by the brain’s circuitry that requires the presence of nicotine to be maintained. When access
to nicotine is not available, these homeostatic neuroadaptations are no longer appropriate,
which contributes to the withdrawal syndrome (Koob & Volkow 2009).

Nicotine withdrawal is a collection of somatic and affective symptoms that is observed
within a few hours after discontinuation of nicotine intake (De Biasi & Salas 2008). The
symptoms reflect the imbalance in brain neurochemistry created by the absence of nicotine
in the addicted brain. The most prominent withdrawal symptoms are irritability, anxiety,
anger, difficulty concentrating, sleep disturbance, increased appetite, and weight gain (APA
2000, Hogle et al. 2010, Hughes 2007). Other quantifiable manifestations include reduced
heart rates, altered neurohormonal profiles, disrupted electroencephalographic theta power,
and perturbations of learned behaviors (Buchhalter et al. 2008, Koob & Le Moal 2005).
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Powerful cravings also accompany withdrawal, and they may be precipitated by drug-
reinforced memories, such as the sight of a cigarette and the place associated with smoking
(Dalley & Everitt 2009, Dani & Montague 2007, Shiffman et al. 2002, Smolka et al. 2005,
Volkow et al. 2002).

Withdrawal is also associated with dysregulation of the hypothalamic-pituitary-adrenal
(HPA) axis and the stress-response system (Koob 2008). Acute withdrawal from many drugs
elevates corticosterone and corticotropin-releasing factor (CRF) (Koob 2008, Koob & Kreek
2007). During nicotine withdrawal, corticotropin-releasing factor receptor CRF1 influences
anxiety and brain reward functions (Bruijnzeel et al. 2009, George et al. 2007). The
endogenous opioid system, dynorphin in particular, engages (Hadjiconstantinou & Neff
2010). Nicotine cessation increases the levels of prodynorphin mRNA in NAc
dynorphinergic neurons, possibly as a compensatory mechanism to increased
dynorphinergic tone (Isola et al. 2008).

The emergence of negative affective symptoms such as dysphoria, anxiety, and irritability
(Koob & Le Moal 2001) and, to a lesser extent, the somatic manifestations of withdrawal,
signal dependency and underlie drug-seeking behavior (Koob & Le Moal 2005, Koob &
Volkow 2009). The negative emotional state produced by the combination of withdrawal
symptoms causes enough distress to become a deterrent to abstinence and a drive to relapse
(Bruijnzeel & Gold 2005, Koob & Le Moal 2005, West et al. 1989). Drug taking is then
maintained through negative reinforcement mechanisms.

Withdrawal symptoms can be assessed in animals chronically exposed to nicotine by the
sudden discontinuation of nicotine treatment or administration of nAChR antagonists (De
Biasi & Salas 2008). Mecamylamine, which has a slightly higher affinity for α3β4* nAChRs
than for β2* receptors, is the best antagonist at precipitating nicotine withdrawal (Damaj et
al. 2003). Like humans, rodents manifest both somatic and nonsomatic signs of withdrawal
(Malin & Goyarzu 2009). In rats, somatic signs of physical dependency include teeth-
chattering, chewing, gasps, palpebral ptosis, tremors, shakes, and yawns (Malin et al. 1992).
Similar symptoms are observed in mice, including shaking, grooming, and scratching, which
become repetitive and long lived. Jumping, which is not normally observed, also appears in
mice undergoing nicotine withdrawal (Damaj et al. 2003, De Biasi & Salas 2008, Isola et al.
1999).

Anhedonia, conditioned place aversion, anxiety-related behavior, and conditioned fear are
four major affective manifestations of nicotine withdrawal. Anhedonia is quantifiable in
animals as an increase in stimulus threshold needed to induce intracranial electrical self-
stimulation to reward pathways (Paterson & Markou 2007). Increased brain-stimulation
reward thresholds reflect a decreased sensitivity to the rewarding effect of the electrical
stimulation. Both spontaneous (Epping-Jordan et al. 1998, Harrison et al. 2001) and
mecamylamine-precipitated (Watkins et al. 2000) nicotine withdrawal induce increases in
self-stimulation thresholds. In the conditioned place-aversion paradigm, the animal learns to
avoid the compartment in which nicotine withdrawal is experienced (Jackson et al. 2009,
Kenny & Markou 2001). A previously neutral environment becomes aversive because of the
association of the place with the negative affective state of withdrawal (Suzuki et al. 1996).

Another nonsomatic manifestation of nicotine withdrawal is increased anxiety-like behavior
in the elevated plus maze (Pellow et al. 1985). Mice and rats undergoing nicotine
withdrawal show increased anxiety-like behavior in the elevated plus maze (Damaj et al.
2003, Irvine et al. 2001). This phenomenon is similar to the anxiety reported by humans
experiencing nicotine abstinence and suggests that the sensitivity to anxiety influences the
degree of withdrawal signs. These properties may contribute to the more severe withdrawal

De Biasi and Dani Page 10

Annu Rev Neurosci. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



symptoms commonly experienced by those suffering from depression or anxiety disorders
(Dani & Harris 2005, Pomerleau et al. 2005). The conditioned fear paradigm can be used to
measure the cognitive symptoms of withdrawal (Davis et al. 2005) as nicotine withdrawal
produces deficits in contextual fear conditioning and affects the acquisition of learned
responses (Portugal et al. 2008).

MOLECULAR MECHANISMS OF WITHDRAWAL
Withdrawal reflects the abrupt disruption of the equilibrium maintained in the presence of
nicotine, and withdrawal triggers new neuroadaptations that counteract the negative state.
Spontaneous or mecamylamine-precipitated nicotine withdrawal is associated with a
decrease in extracellular DA levels in the NAc (Carboni et al. 2000, Gaddnas et al. 2002,
Hildebrand et al. 1998, Rada et al. 2001, Rahman et al. 2004). This phenomenon is also
observed during ethanol, morphine, cocaine, and amphetamine withdrawal (Rossetti et al.
1992, Weiss et al. 1992) and is a trigger of the withdrawal syndrome. The decrease in
extracellular DA concentrations reflects changes in both DA release and reuptake
(Duchemin et al. 2009). Nicotine abstinence is accompanied by increased DA uptake into
synaptosomes and elevated DA transporters (DATs) in the SNc/VTA (Hadjiconstantinou &
Neff 2010, Rahman et al. 2004). Changes in DA release and uptake are short lived and
normalize within 48 h after nicotine cessation (Hadjiconstantinou & Neff 2010).

DAT upregulation and decreased DA overflow may contribute to withdrawal symptoms
because those DA signaling changes temporally coincide with the emergence of somatic and
affective signs of withdrawal (Hadjiconstantinou & Neff 2010). Although buproprion
inhibits nAChRs, it is mainly a norepinephrine/DA re-uptake blocker. Buproprion may aid
smoking cessation, in part, by normalizing NAc DA levels, and those DA levels may in turn
attenuate anhedonia and somatic withdrawal signs (Cryan et al. 2003, Paterson & Markou
2007).

During withdrawal, the NAc displays a DA deficit, whereas the PFC has an increase in DA
output (Carboni et al. 2000). Because enhanced DA transmission in the PFC occurs during
stressful and aversive stimuli and is implicated in anxiety, the elevated PFC DA during
nicotine withdrawal may contribute to the aversive manifestations (Bradberry et al. 1991,
Broersen et al. 2000, Inglis & Moghaddam 1999, Kawasaki et al. 2001, Thierry et al. 1976).
Besides DA, other neurotransmitters, such as serotonin and norepinephrine, known to
mediate the manifestations of withdrawal from other drugs may play a role (Bruijnzeel et al.
2010, Fletcher et al. 2008, Semenova & Markou 2010, Slotkin & Seidler 2007).

DISTINCT NICOTINIC RECEPTOR SUBTYPES MEDIATE WITHDRAWAL
The use of mouse models has clarified the specific brain area that mediates physical
dependency. Salas et al. (2003a, 2004a) observed that mice null for the α5 and β4 nAChR
subunits are less sensitive to the acute effects of nicotine measured as hypolocomotion in the
open field arena and nicotine-induced seizure activity. Attenuation of nicotine-induced
seizure is also present in mice heterozygous for the α3 subunit, which is found in the same
gene cluster that contains α5 and β4 (Boulter et al. 1990, Salas et al. 2004a). Absence of β4
abolishes the somatic signs of withdrawal precipitated by systemic injection of
mecamylamine (Salas et al. 2004b) and prevents withdrawal-induced hyperalgesia (Salas et
al. 2004b). This phenotype is in sharp contrast with that of β2 −/− mice, which display
normal somatic signs of withdrawal (Besson et al. 2006, Salas et al. 2004b). Physical signs
of dependency are also absent in α5 −/− mice in which nicotine withdrawal occurs either
spontaneously or upon nicotine cessation or is precipitated by mecamylamine injection
(Salas et al. 2009). Both α5 −/− and β4 −/− strains also display reduced anxiety-related
behaviors (Gangitano et al. 2009, Salas et al. 2003b), in contrast with β2 −/− mice, which
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show normal anxiety-like responses (Maskos et al. 2005). The latter is an important result,
considering the role of anxiety and stress in nicotine withdrawal and relapse (De Biasi &
Salas 2008). Another nicotinic subunit that contributes to the somatic signs of withdrawal is
the α2 subunit (Salas et al. 2009), which is selectively expressed in rodent IPN and olfactory
bulb (Ishii et al. 2005, Whiteaker et al. 1999). The α7 subunit also plays some role in
mecamylamine-precipitated somatic signs of withdrawal as α7 −/− mice showed an
intermediate withdrawal phenotype (Salas et al. 2007). The same mice manifested decreased
hyperalgesia upon spontaneous nicotine withdrawal (Grabus et al. 2005).

In the mouse, the α5, α2, and β4 nAChR subunits are expressed at high levels in either MHb
and/or IPN (De Biasi & Salas 2008, Grady et al. 2009), and no mRNA encoding for nAChR
subunits can be detected in the LHb by in situ hybridization techniques. Therefore,
investigators postulated that the MHb/IPN axis may be involved in the somatic signs of
withdrawal. Indeed, microinjection of the nAChR antagonist mecamylamine into the Hb and
IPN was sufficient to precipitate nicotine withdrawal symptoms in mice chronically treated
with nicotine. Conversely, mecamylamine injection into the VTA, the hippocampus, or the
cortex did not trigger somatic signs of withdrawal (Salas et al. 2009), establishing the MHb
and IPN as mediators of somatic withdrawal from nicotine.

Other data in the literature suggest additional involvements of the MHb/IPN axis with brain
reward areas. First, electrical stimulation of the MHb and the fasciculus retroflexus produces
rewarding effects (Sutherland & Nakajima 1981). Second, most stimulant drugs of abuse
cause axonal degeneration in the LHb and the fasciculus retroflexus, and nicotine causes
degeneration of neurons in the portion of the fasciculus retroflexus that connects the MHb to
the IPN (Ellison 2002, Ellison et al. 1996). Third, a derivative of the alkaloid ibogaine, 18-
methoxycoronaridine (18-MC) (Vastag 2005), is a potent antagonist of β4* nAChRs (Glick
et al. 2002) with significant antiaddictive properties (Maisonneuve & Glick 2003). In animal
models, 18-MC reduced self-administration of nicotine, morphine, cocaine, and
methamphetamine; reduced oral intake of alcohol and nicotine; and decreased signs of
opioid withdrawal (Maisonneuve & Glick 2003). Fourth, a recent report shows that α5 −/−
mice self-administer nicotine at doses that elicit strong aversion in wild-type mice. This
result suggests that α5-containing nAChRs in the MHb are key to controlling the amounts of
nicotine self-administered (Fowler et al. 2011).

The MHb/IPN axis has a prominent role mediating the aversive effects of nicotine and the
somatic symptoms of withdrawal. The data suggest the existence of reward and withdrawal
circuits with partially overlapping functions. Smokers finely control nicotine intake by
regulating how they puff on a cigarette and how deeply they inhale. In that way, they
achieve the most desirable nicotine dose, at the top of the inverted U dose-response curve.
The primary circuits underlying this exquisitely regulated dosing are mainly the
mesocorticolimbic DA system and the epithalamic habenular circuits: One supports the
rising arm, the other the falling arm of the inverted U dose-response curve.

Recent findings on the influence of gene variants in the CHRNA5-CHRNA3-CHRNB4 gene
cluster on nicotine addiction (Bierut et al. 2008, Thorgeirsson et al. 2008) show that a single
nucleotide polymorphism (SNP) within CHRNA5, rs16969968, seems to correlate with
nicotine dependency risk, heavy smoking, and the pleasurable sensation produced by a
cigarette (Berrettini et al. 2008, Bierut et al. 2008, Saccone et al. 2007, Thorgeirsson et al.
2008). This nonsynonymous SNP, located in the second intracellular loop of the α5 subunit,
leads to a reduction in receptor function (Bierut et al. 2008). Because the nAChR subunits
comprised in the CHRNA5-CHRNA3-CHRNB4 reduce the aversive effects of nicotine and
drive its consumption, it is tempting to speculate that people with SNP rs16969968 smoke
more and become addicted at a younger age because they lack sufficient functional α5*
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nAChRs. The presence of fewer aversive effects (even at higher nicotine doses) during the
initial contact with the drug would promote the hedonic drive, thereby promoting the
transition from use to abuse and dependency. New mouse models examining the role of
nAChR gene variants will help investigators explore the role of gene polymorphisms in
nicotine addiction and will provide insight into cessation therapies tailored for specific
subpopulations of smokers.
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Glossary

nAChR nicotinic acetylcholine receptor

DA dopamine

VTA ventral tegmental area

PFC prefrontal cortex

NAc nucleus accumbens

IPN interpeduncular nucleus

SNc substantia nigra compacta

PPT pedunculopontine tegmentum

LDT laterodorsal tegmentum

GABA γ-aminobutyric acid

ACh acetylcholine

LHb lateral habenula
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Figure 1.
Nicotine increases the action potential firing rate and phasic burst firing of putative midbrain
dopamine (DA) neurons in freely moving rats. (a) The normalized average firing rate of DA
neurons in response to administration of nicotine (0.4–0.5 mg/kg, i.p., free-base equivalent).
(b) In vivo, chronic tetrode recording from a putative DA neuron, indicating that the DA
neuron fires more phasic bursts (gray arrows) after nicotine administration (red trace) than
before (blue control trace). Adapted from Zhang et al. (2009b).
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Figure 2.
Different dopamine (DA) release properties in the dorsal striatum and NAc shell. DA release
was evoked by a single electrical stimulus pulse (1p) or by a stimulus train of 5 pulses
delivered at 20 Hz (5p @ 20Hz) to brain slices. The traces represent DA concentration
measured in brain slices by carbon-fiber voltammetry. Example measurements are shown of
the DA signal evoked by 1p (gray traces) or by 5p at 20 Hz (green traces). In the NAc shell,
the DA signal evoked by 1p is much smaller than that evoked by 5p (as measured by the
area under the curve) curve). In the dorsal striatum, the DA signal evoked by 1p is only
slightly slight smaller than that evoked by a 5p train. Adapted from data within Zhang et al
(2009b).
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Figure 3.
The burst firing by dopamine (DA) neurons measured in vivo that is induced by nicotine
causes a greater increase of DA release in the NAc shell than in the dorsal striatum. The
traces represent DA concentration measured in brain slices by carbon-fiber voltammetry.
Electrical stimulus patterns used to evoke DA release were designed to mimic the in vivo
firing patterns (vertical tick marks below) of DA neurons measured from freely moving rats
before (control) and after nicotine injections. Patterned stimulus trains based on the in vivo
DA-unit recordings are shown below the evoked DA release in the absence (control) or
presence of nicotine in the dorsal striatum (a) or the NAc shell (b). (c) The relative DA
signal (calculated as the area under the curve) was unchanged by nicotine in the dorsal
striatum dorsal striatum but was increased in the NAc shell. Adapted from Zhang et al.
(2009b).
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