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Nicotinic Acetylcholine Receptors Along
the Habenulo-Interpeduncular Pathway:
Roles in Nicotine Withdrawal and Other
Aversive Aspects

Dang Q. Dao, Ramiro Salas, and Mariella De Biasi

Abstract Addiction to tobacco smoking is a deadly disease that consumes millions
of lives each year. However, the neurobiology underlying the disease remains an
enigma. One reason for this is the relative complexity of nicotine’s effects on the
brain, with a multitude of targets throughout many different brain regions, each
subserving individual components of the disease. Still, a handful of brain circuits
mediate particularly significant roles in the disease. The epithalamic habenulo-
interpeduncular (Hb-IPN) pathway participates in the aversive aspects of nicotine
dependence, including the aversive experience of nicotine withdrawal. Many
hypotheses regarding the exact mechanisms for these behavioral roles exist, but the
convergent feature of those hypotheses is that nicotine acts at populations of nicotinic
acetylcholine receptors (nAChRs) across the brain, including the Hb-IPN pathway.
Of note, the Hb-IPN pathway is one of the brain regions with the highest density of
nAChRs, including both heteromeric (e.g., a3p4 and a4f2) and homomeric (i.e., a7)
receptors. As nAChR subtypes that subserve multiple aspects of affective and
reinforcement behaviors are expressed along this pathway, it is of no surprise that
the Hb-IPN pathway participates in similar affective behaviors. This chapter will
discuss the roles of nAChRs along the Hb-IPN in aversive nicotine-associated
behaviors, as well as touch upon the innate roles of those populations of nAChRs
over biology and behavior in healthy animals.
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1 Introduction

Tobacco smoking is the leading cause of preventable death in the world, with estimates
of four to five million annual deaths worldwide [1-3]. Containing over 60 identified
carcinogenic compounds [4], tobacco smoke is highly carcinogenic, as roughly one
third of all cancer-related mortalities in developed countries can be attributed to
tobacco use [1]. The fact that rates of tobacco use in developing countries remain
high, despite costly antitobacco campaigns, speaks to the global pervasiveness of
this health threat [5, 6]. As a consequence, there is strong need to develop therapies to
aid smoking cessation by addressing dependence to nicotine, the primary addictive
component of tobacco smoke [3, 7-9].

The first and arguably greatest barrier to successful smoking cessation is the
collection of withdrawal symptoms that emerges soon after an attempt to quit [10-14].
Comprising both physical and affective symptoms, nicotine withdrawal can be a
considerably unpleasant experience, with an onset as early as a few hours following
the suspension of nicotine consumption. Successful strategies to develop new treat-
ments for nicotine dependence should incorporate the existing knowledge of nico-
tine’s effects over the neuronal pathways and molecular mechanisms that underlie
this disease.

Fortunately, inroads toward understanding the neurobiology of nicotine depen-
dence have been made on many fronts [9, 15, 16]. A significant body of knowledge
has already been obtained regarding the biophysical, pharmacological, and cellular
properties of nicotinic acetylcholine receptors (nAChRs), which constitute the pri-
mary molecular targets of nicotine in the body [7-9, 17]. Progress is also being
made toward the definition of the brain circuits that underlie various aspects of nico-
tine dependence, from reward to withdrawal symptoms [9, 18].

nAChRs are pentameric acetylcholine (ACh)-gated ion channels that exist as
homomeric (all & subunits) or heteromeric (o and  subunits) structures [7, 17, 19, 20].
Genes encoding nAChR subunits are found in both vertebrates and invertebrates
[7, 21], and sequences among mammals are fairly conserved [22, 23]. Within
mammalian genomes, separate genes encode eight distinct « nAChR subunits and
three distinct B subunits [7]. Expression in heterologous systems has allowed the
study of the contribution of individual subunits to receptor function [24-30].
nAChRs are expressed in almost all brain regions, including the circuits that under-
lie nicotine’s influence over reinforcement, aversion, attention, and learning and
memory [7, 9, 18, 31, 32].

In this chapter, we discuss molecular, cellular, circuit, and behavioral facets of
nicotine withdrawal and related negative aspects of nicotine dependence. In so
doing, we focus primarily on the nAChRs along the habenulo-interpeduncular
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Fig. 18.1 The Hb-IPN pathway bridges forebrain nuclei to those within the mid- and hindbrain.
Diagram of a sagittal view of the mouse brain illustrating the anatomical connectivity of the
Hb-IPN pathway in mice. The Hb-IPN pathway, principally composed of the medial (green) and
lateral (pink) habenulae, the fasciculus retroflexus, and the interpeduncular nucleus (sky blue),
bridges various nuclei within the forebrain to mid- and hindbrain nuclei. Afferent projections to
and efferent projections from the medial (red arrows) and lateral (purple arrows) habenulae are
displayed

(Hb-IPN) pathway, a circuit with emerging roles in negative reinforcement and
aversion (Fig. 18.1) [33-35]. As we enumerate the physiological and behavioral
roles of this circuit, we discuss the relevant functional roles of the nAChRs expressed
along this pathway. Ultimately, we integrate these topics into a basic framework for
the understanding of the function of habenulo-interpeduncular nAChRs in overall
dependence to nicotine.

2 Nicotine’s Influences on nAChRs and Cell Function

To understand the effects of nicotine on brain circuits and ultimately behavior, it is
necessary to first consider its effects at a molecular level. The binding of nicotine
to nAChRs occurs at specific sites on the interface between two adjacent subunits
[7, 36, 37]. In homomeric nAChRs, such as in ®7 nAChRs, binding occurs between
any two of the subunits and results in a total of five binding sites. In heteromeric
nAChRs, such as a4p2 nAChRs, nicotine binding occurs at the interface between
specific a and B subunits, resulting in a total of two binding sites. Nicotine binding
activates the nAChR, resulting in the flux of mono- and divalent cations such as Na*,
K*, and Ca* across the plasma membrane [7, 38]. The influx of cations (primarily
Na*, but also Ca**) leads to a membrane depolarization that consequently triggers a
variety of intracellular events. In addition, intracellular Ca* signaling is important in
many cellular processes [39—42]. Influenced by the specific subunit composition,
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many nAChR subtypes have sizable Ca*" permeabilities. For example, o7 nAChRs
have Ca** permeabilities that are comparable to those of NMDA glutamate receptors
[43, 44]. Inclusion of the a5 subunit in receptors with other a and § subunits also
confers increased Ca’* permeability, especially in receptors that contain p2 [45].
Furthermore, the activation of nAChRs can also lead to intracellular Ca** elevations
via indirect means, either through depolarization-induced activation of voltage-gated
calcium channels or through Ca**-activated Ca** release from intracellular stores [46].
In addition to the classical role of high Ca?*-permeable nAChRs in facilitating neu-
rotransmitter release at presynaptic sites [47, 48], intracellular Ca* elevations gener-
ated by nAChR activation are involved in a number of cellular processes, such as
modulation of cellular excitability and transcriptional regulation [49-52]. Ultimately,
the functional cellular outcome of nAChR activation will also depend on the brain
region- and cell-specific subcellular localization of the channels, which may include
pre- and postsynaptic expression, as well as somatic or axonal locations [7].

Complementary to the activation of nAChRs, receptor desensitization is another
important property of nAChRs that determines their overall function and must be
considered when examining the acute or chronic effects of nicotine [7, 53-56].
In addition to open and closed conformations, nAChRs can exist in desensitized
conformations following exposure to elevated concentrations of ligand. In a desensi-
tized conformation, nAChRs are unable to evoke the response that occurs during
open states, despite the presence of bound ligands on receptors. The kinetics of
desensitization are characterized by multiple exponential functions and are influ-
enced by receptor composition. «7 nAChRs desensitize quickly, while a4f32 nAChRs
desensitize with slower kinetics [57-60]. However, due to their high affinity for nico-
tine, a4P2 nAChRs desensitize at lower concentrations of nicotine (<0.1 pM), while
o7 nAChRs do not efficiently desensitize below a concentration of 1 pM. At concen-
trations of nicotine typically found in smokers, o432 nAChRs in the human brain are
nearly fully occupied by nicotine [61]. Given that desensitization occurs at these
concentrations or lower, it is likely that most of the brain’s a4p2 nAChRs are main-
tained in a desensitized state during habitual cigarette smoking. nAChR desensitiza-
tion is regulated by many factors, including intracellular Ca?*. In both heterologous
expression systems and neurons isolated from the medial habenula, the level of intra-
cellular Ca?* is inversely proportional to the recovery of nAChRs from desensitiza-
tion to nicotine [62-64]. It is suggested that the presence of Ca*" stabilizes a
desensitized conformation. Since nAChR desensitization is functionally analogous
to blockade of those receptors, to some degree, this phenomenon can have significant
consequences across many levels of brain function, from molecular and cellular to
systems and behavioral.

Finally, one should consider that as a tertiary amine, nicotine exists in both
charged and uncharged states. In the nonpolar uncharged form, nicotine becomes
membrane permeable and can freely enter the cytosolic space where it interferes
with various cellular mechanisms, including actions at the endoplasmic reticulum
and/or proteasome complex [65, 66]. Given that nAChR subunits are degraded by
the proteasome and proteasome inhibition enhances nAChR assembly within the
endoplasmic reticulum [67], nicotine-mediated inhibition of the proteasome complex
causes enhanced nAChR plasma membrane expression as well [68, 69].
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3 Neuroadaptations During Chronic Nicotine Exposure

The chronic use of nicotine causes multiple neuroadaptations in the brain, demon-
strated by many in vitro studies in heterologous expression systems, as well as in vivo
studies in rodents [25, 70-74]. The most commonly observed molecular phenomena
are alterations in membrane expression of nAChRs that occur in a subtype-, brain
region-, and time-dependent fashion [75]. The a4p2 nAChR subtype, in particular,
has been shown in vitro to exhibit functional upregulation in response to chronic
nicotine treatment, in the form of acetylcholine-induced current increases, in both
heterologous expression systems and cultured neurons [72, 76-78]. Furthermore,
in vivo nicotine exposure increases these measures for neurons in mouse brain slices
[79]. Tt is suggested that these functional upregulations are due to dual mechanisms
[80]. A short-lived switch in the conformation of surface nAChRs from a low-affinity
to a higher-affinity state constitutes a rapid response following nicotine exposure.
Secondarily, an effect with slower kinetics ensues, increasing surface a4p2 nAChRs
via reduced proteasomal degradation of subunits and increased maturation of the
receptors [65, 66].

4 Nicotine Withdrawal Syndrome: nAChRs Along
the MHb-IPN Pathway Are Critical for the Physical
Symptoms of Nicotine Withdrawal

Several physical and affective symptoms emerge during the period of acute nicotine
withdrawal that may last for as long as a month following the start of abstinence
[9, 14, 81]. These symptoms include a collection of unpleasant and aversive experi-
ences such as intense cravings for nicotine, irritability, anger, anxiety, difficulty con-
centrating, insomnia, and increased appetite with consequent weight gain [11, 82—84].
Other physical manifestations accompany these behavioral symptoms of nicotine
withdrawal, including restlessness, decreased heart rates, fluctuations of hormonal
levels, drowsiness, headaches, gastrointestinal disturbances, and reduction in the elec-
troencephalography (EEG) theta band [11, 85-87]. The emergence of these negative
and/or aversive symptoms is the result of brain circuits, accustomed to the chronic
presence of nicotine, readapting to a new steady state in its absence [9].
Behaviorally, symptoms of nicotine withdrawal can be classified as physical or
affective [88, 89]. Physical symptoms of nicotine withdrawal have been successfully
simulated in the laboratory to study the neurobiology underlying these behavioral
disruptions [90-93]. Normal naive mice display a number of typical behaviors
when idle, including grooming, scratching, and chewing. However, when mice are
subjected to withdrawal from nicotine following chronic treatment, the instances of
these behaviors increase substantially and are accompanied by the emergence of
other behaviors indicative of physical discomfort, including shaking, cage scratching,
head nodding, and jumping. Using this behavioral paradigm in combination with
mutant mice, the nAChR subunits important for the emergence of these physical
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symptoms of withdrawal were determined. In wild-type mice chronically treated
with nicotine, systemic injection of the broad nAChR antagonist mecamylamine
elicited an elevation of the physical signs of nicotine withdrawal over that of control
mice chronically treated with a vehicle solution. However, in mice null for the 4
nAChR subunit, this elevation was completely abolished [92]. Along with previ-
ously established roles of this subunit in the modulation of anxiety and the anxio-
lytic properties of nicotine [94], this finding began to build a framework for the
function of P4-containing (f4*) nAChRs in aversive and negatively reinforcing
behaviors. In vivo, the most common assembly partner of the 34 subunit in neuronal
nAChRs is the o3 subunit [9, 14, 27, 95].

Further experiments with additional nAChR subunit mutant mice revealed that
physical withdrawal from nicotine also depends on a5, a2, and partially on o7
nAChR subunits [93, 96, 97]. Human genetic studies also identified multiple single-
nucleotide polymorphisms in the gene cluster encoding the a5, a3, and f4 nAChR
subunits that associate with various aspects of nicotine dependence and tobacco-
related diseases [98—106]. The MHb-IPN pathway is among the brain areas with the
highest co-expression of a5, a3, a2, and 4 [98, 107-111]. The habenular complex
is composed of the medial (MHb) and lateral (LHb) habenular nuclei, with projec-
tions traveling along the fasciculus retroflexus, the white matter tract that bridges
the habenular nuclei and their projection sites. The interpeduncular nucleus (IPN) is
the main projection site for the MHDb, while the LHb extends behaviorally important
projections to the rostromedial tegmental nucleus (RMTg) in the midbrain. These
brain areas are now understood to mediate negative reinforcement, negative predic-
tion errors, negative motivation, and aversion [34, 112—117]. The emerging roles of
the LHb were motivation for the investigation of the nAChRs along the MHb-IPN
pathway in the nicotine withdrawal syndrome, and behavioral pharmacological
experiments indicated that these receptors are indeed important for this behavioral
manifestation [93]. In mice chronically treated with nicotine, the nAChR antago-
nist, mecamylamine, was sufficient to produce nicotine withdrawal behaviors only
when microinjected into the Hb or the IPN, but not when microinjected into other
brain areas such as the hippocampus or cerebral cortex. Interestingly, experiments
using mice bearing an a2 null mutation suggest that the roles of MHb-IPN pathway
nAChRs in physical withdrawal are context specific [93, 97]. While this mutation
produced decreased physical signs in animals assayed in their home environments,
those assayed in novel environments exhibited potentiated physical signs [97].
Altogether, this series of experiments demonstrates the importance of the MHb-IPN
pathway to the nicotine withdrawal syndrome.

5 The Affective Symptoms of Nicotine Withdrawal

Affective symptoms accompany the physical symptoms of nicotine withdrawal and
have a major role in relapse [89]. These withdrawal symptoms can manifest in ani-
mals as anhedonia, conditioned place aversion, anxiety-related behaviors, and
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conditioned fear [9]. Anhedonia, the inability to experience pleasure from activities
that are normally pleasurable, has been modeled in electrical self-stimulation assays
[118]. In animals that are trained to press a lever to electrically stimulate reward
nuclei, the threshold for continued brain stimulation is viewed as a measure of the
rewarding effect of electrical stimulation. Anhedonic animals will exhibit an
increase in this threshold, suggesting a decrease in the reward value of the stimula-
tion. Increases in self-stimulation thresholds are observed during both spontaneous
withdrawal [119, 120] and withdrawal precipitated by a systemic injection of the
nAChR antagonist, mecamylamine [121].

Humans learn negative associations with specific environments, and this is modeled
in rodents in the conditioned place aversion (CPA) paradigm, wherein animals try to
avoid an environment that was previously paired with a negative stimulus [89].
Successful CPA in chronic nicotine-treated mice was induced by pairing an environ-
ment with injections of nAChR or opioid receptor antagonists, such as mecamyla-
mine, dihydro-p-erythroidine, and naloxone [89, 122]. The aversion generated by
the induced withdrawal was sufficient to cause animals to associate the aversive
experience with a specific environment.

Smokers undergoing nicotine withdrawal may experience extreme anxiety
resembling levels experienced by depressed individuals or those with anxiety disor-
ders [123, 124]. Anxiety is routinely analyzed in rodents using the elevated plus
maze (EPM) assay [125]. This assay is essentially a four-armed maze elevated
above the ground, with two open arms and two closed arms. Mice generally prefer to
remain in the closed arms, and the amount of time spent in the closed vs. open arms
is considered a measure of the animal’s state of anxiety. Multiple investigations
have demonstrated that both mice and rats experiencing nicotine withdrawal exhibit
increased anxiety-like behavior in this assay [126, 127], mimicking symptoms of
withdrawal observed in humans. It is possible that the MHb-IPN pathway also
participates in this facet of the nicotine withdrawal syndrome. Mice null for the 34
nAChR subunit, which is densely expressed along the MHb-IPN pathway [111],
exhibit modified anxiety-related behavior from wild-type mice [94]. p4 null mice
display anxiolytic behavior in the elevated plus and staircase mazes but also display
increased anxiety in the social isolation test, suggesting that nAChRs along the
MHDbD-IPN pathway regulate anxiety-related behavior in a nuanced manner, with the
output behavior dependent on specific environmental conditions.

A type of learning influenced by nicotine withdrawal is fear conditioning, a
hippocampus-dependent form of Pavlovian learning where a conditioned stimulus
is associated with an aversive unconditioned stimulus [128]. The conditioned fear
assay measures the degree to which an animal is able to display this type of learning.
Acutely administered nicotine enhances conditioned fear responses, regardless of
whether the context is a foreground or background stimulus [129]. Furthermore,
nicotine withdrawal impairs novel contextual fear conditioning but does not affect
previously learned conditioned responses [130]. The impaired contextual fear con-
ditioning occurs with or without pairing to an auditory stimulus (i.e., background
vs. foreground) [131]. Evidence indicates that withdrawal-mediated deficits in
contextual fear conditioning are mediated through f2* nAChRs [130, 132].



370 D.Q. Dao et al.

6 Other Medial Habenula-Dependent Behaviors Relevant
to Nicotine Dependence

More recent studies have complemented the work in nicotine withdrawal to high-
light roles for the MHb, in particular, with respect to its functional ties to nAChRs
[34, 116, 117, 133]. Contributing further to the involvement of this brain area in
aversion-related behaviors, those studies showed that a5* nAChRs along the
MHDb-IPN pathway mediate the aversive properties of nicotine at high doses, thereby
regulating nicotine intake [34]. Using a self-administration paradigm, in which
mice chose to intravenously self-administer nicotine over placebo, the authors dem-
onstrated that mice lacking the a5 nAChR subunit will self-administer nicotine at
substantially elevated levels compared to wild-type mice. That is, a5 null mice will
continue to self-administer nicotine despite reaching a threshold at which wild-type
mice would find nicotine to be aversive. They further demonstrated, through focal
pharmacological microinjection and lentiviral RNAi knockdown or re-expression of
the a5 subunit in the MHb or IPN, that a5* nAChRs in those nuclei are directly
involved in the regulation of nicotine intake.

Other investigators used genomic and lentiviral overexpression of the 4 and
a5 nAChR subunits, respectively, to further corroborate the role of a5p4* nAChRs
in aversion to nicotine and described the functional interplay between these sub-
units [116]. They demonstrated that the $4 subunit enhances nAChR-mediated
currents when overexpressed. Conversely, the a5 subunit competes with 4 to
temper its effect, particularly when a5 is a variant (398N «5) that is linked to
increased genetic risk of nicotine dependence in humans [99-106]. With p4 overex-
pression, mice experience reduced nicotine intake and nicotine-associated condi-
tioned place aversion. Furthermore, lentiviral expression of the D398N a5 variant in
the MHb alongside p4 overexpression reverted the nicotine intake phenotype to
wild-type levels.

Utilizing immunotoxin-mediated ablation of two separate afferents to the MHb,
another study dissected their contribution to MHb-dependent behavior [117].
Ablating the inputs from the nucleus triangularis (NT) in the septal area decreased
anxiety-related behaviors in the open field, elevated plus maze, and marble burying
task, while the analogous lesion of the bed nucleus of the anterior commissure
(BAC) spared the performance in these tasks. Conversely, only ablation of the BAC
inputs to the MHD caused deficits in the fear conditioning and passive avoidance
tasks, indicating that these inputs are vital for proper fear expression.

Lastly, through a genetic approach, another group elaborated the influence of
the MHb and IPN in behaviors involving motivational and emotive processes
[133]. Neurons in the MHb were genetically ablated in mice using Cre-recombinase-
mediated expression of diphtheria toxin A (DTA) in transgenic mice with strong
Cre expression in the MHb and very sparse expression in few other brain areas.
The expression of DTA induces apoptotic cell death [134] and, in these experi-
ments, resulted in the dramatic loss of Nissl-stained neurons in the MHb.
Furthermore, the IPN suffered reductions in acetylcholine concentration and over-
all volume. Thus, mice bearing the genetic ablation of the MHb (MHb:DTA)
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showed significant damage to the Hb-IPN pathway, with habenular damage
predominantly restricted to the MHb.

As a consequence of the genetic ablation, many behaviors in MHb:DTA mice
were severely impaired [133]. Where wild-type mice exhibited habituation to novel
environments, habituation was absent in MHb:DTA mice. In the 5-choice serial
reaction time task (5-CSRTT), which assesses impulsiveness, compulsiveness, and
attention [135, 136], MHb:DTA mice were found to have increased premature
responses, which is indicative of impulsive behavior. Compulsive behavior is dis-
played through perseverative nose-pokes following correct trials, even if reward is
delivered only once for the initial correct choice. Also, sensorimotor gating is dis-
rupted, as MHb:DTA mice have impaired acoustic pre-pulse inhibition, while baseline
startle responses were unaffected.

To further investigate the MHb’s influence over impulsiveness and compulsive-
ness, delay- and effort-based decision-making tasks were used [133]. MHb:DTA
mice are more likely to choose a low-reward choice if a high-reward choice is asso-
ciated with a delay longer than 10 s or they encounter an obstacle barrier (effort).
These results indicate that, as delay and effort increase, mice lacking the MHb will
discount reward value more readily than wild-type mice and will select the option
that provides the quickest reward.

In the open field arena (OFA) and elevated plus maze (EPM), which assess anxi-
ety, MHb:DTA mice exhibited minor deficits in both tasks. MHb:DTA mice made
slightly fewer entries to the center in the OFA and to the open arms of the EPM,
together indicating a modest increase in anxiety. This appears in slight contrast to the
previous study [117], which found decreased anxiety following ablation of afferent
innervation from the NT, excitatory (glutamatergic and ATPergic) inputs into the
MHb [137]. Our group demonstrated that mice null for the a5 and p4 nAChR
subunits display reduced anxiety-like behavior in the EPM, suggesting a direct role
for the nicotinic cholinergic system in these behaviors [94, 138].

To test whether the nAChRs along the MHb-IPN pathway modulate impulsivity
and compulsivity, performance in the 5-CSRTT was measured following systemic
nicotine administration [133]. In wild-type animals, nicotine administration induced
delayed nose-pokes and increased errors due to omission. However, neither of these
measures was affected in MHb:DTA mice. Furthermore, while habituation to a
novel environment was accelerated by nicotine within and across sessions, neither
of these measures was affected by nicotine in MHb:DTA mice. Altogether, this
genetic ablation study strengthens the role of MHb-IPN pathway nAChRs in the
modulation of these motivational and emotive behaviors.

7 The Potential Role of the MHb-IPN Pathway in Aversion
and Negative Reinforcement: Inferences from LHb Studies

The role of the MHb-IPN pathway in basal- and nicotine-related behaviors is con-
sistent with the established influences of the LHb on behavior [117, 139, 140].
Early work hinted at the role of the LHb in the representation of negative
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motivational value, negative reinforcement, and aversion [140—148]. Physiological
studies reported the ability of the LHb (most likely due to its projections caudally,
toward the RMTg) to modulate the reward-related centers [149, 150]. In rats, elec-
trical stimulation of the LHb inhibited the firing of DA neurons in the SNc¢ and
VTA [151], as well as that of serotonergic neurons in the dorsal and median raphe
nuclei [149].

A series of studies in macaques from Hikosaka and colleagues focusing on the
behavioral roles of the LHb led to the maturation of our understanding of this modu-
latory circuit [112, 114, 115, 152, 153]. Since their seminal study, in which they
demonstrated that LHb neurons fire in response to negative outcomes, as well as
inhibit the firing of SNc DA neurons [112], they have expanded their studies to
further clarify the behavioral roles of this nucleus. In cleverly designed experiments
that varied the severity of negative outcomes in a task, so as to include punishments
and lack of rewards as possible outcomes, LHb neurons fired most robustly in
response to the worse-case scenario between the options of the particular task [114].
They further demonstrated that LHb neurons signal reward values derived from
both the animal’s experience and inference [152]. Additional studies have also
implicated the LHD in the representation of memory for reward, signaling of reward
prediction errors, and learning of behaviors to avoid unpleasant outcomes [115, 152,
153]. The involvement of the Hb in error signaling during the prediction of rewards
was subsequently demonstrated in humans using functional magnetic resonance
imaging (fMRI) [35].

8 Dopaminergic Adaptations During Withdrawal

Given the global reach of nicotine within the brain, multiple mechanisms in differ-
ent brain areas are likely responsible for the behavioral experiences during nicotine
withdrawal. For example, the dopaminergic mesolimbic pathway participates in the
mechanisms underlying nicotine abstinence manifestations. Principally consisting
of dopaminergic projections from the VTA and SNc to the striatum, the mesolimbic
pathway is known to influence behaviors associated with reward and motivation
[154, 155]. Upon cessation of nicotine intake, the extracellular levels of DA decrease
in the nucleus accumbens [156—160]. Consistent with withdrawal as a qualitatively
aversive and generally unpleasant experience, this decrease in extracellular accum-
bal DA is also observed in withdrawal from many other drugs of abuse, such as that
from ethanol, morphine, cocaine, and amphetamine [161, 162]. Therefore, common
mechanisms and circuits operate to produce similar behavioral states during with-
drawal to nicotine and other drugs of abuse. Because the mesolimbic pathway func-
tionally interacts with the habenular circuitry, which is associated with negative
reinforcement and aversion, a potential shift in the balance between these two sys-
tems could be responsible for the hypodopaminergic state during withdrawal from
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nicotine. As already mentioned, the LHb sends excitatory projections to the RMTg
[140, 163, 164], which, in turn, projects GABAergic efferents to DA neurons in the
VTA and SNc [112, 163]. This inhibitory control of RMTg projections onto DA
neurons is a substantial modulator of their firing behavior [164].

Notably, a34* nAChRs within the MHb modulate the accumbal DA release in
response to acute nicotine [165]. As projections from the MHb to LHb are docu-
mented [166], modulation of DA release by the MHb might occur via its anatomical
connections with the LHb. However, as discussed above, there is robust evidence
that the MHb-IPN pathway mediates aspects of nicotine aversion and withdrawal.
Data suggest that MHb can affect the activity of the dopaminergic neurons in the
ventral tegmental area (VTA) via the IPN [167], but the anatomical underpinning of
this phenomenon remains unclear. One possibility through which the MHb-IPN
pathway might regulate the activity of VTA DA neuron firing is via connections of
the IPN to the laterodorsal tegmentum (LDTg) [168]. The LDTg is a cholinergic
nucleus that sends inputs to the VTA that are required for proper bursting activity of
DA neurons [169, 170]. Whether and how this circuit participates in the mecha-
nisms of nicotine withdrawal remains to be established.

It should be noted that the hypodopaminergic state during nicotine withdrawal
itself likely reflects a combination of many neuroadaptive processes triggered by
withdrawal from nicotine. A reduction of striatal DA release certainly contributes
and is accompanied by increased protein levels of vesicular monoamine transporter
2 (VMAT2) in the striatum [171]. An important player in DA reuptake, this eleva-
tion of VMAT?2 is proposed to be a compensatory mechanism to counteract the
deficiencies in DA release. Indeed, increased DA uptake into striatal synaptosomes
was observed during nicotine withdrawal, as well as an increase in mRNA expres-
sion of another key participant in DA reuptake, the DA transporter (DAT), in the
SNc and VTA [172]. Furthermore, an increase in DA clearance during nicotine
withdrawal has been observed in vivo using microdialysis, corroborating the model
of enhanced DA reuptake during withdrawal [158]. Regardless, these alterations in
DA reuptake are transient, as the changes during withdrawal return to basal levels
by 48 h of abstinence from nicotine [172]. Due to the synchronicity with nicotine
withdrawal behavior, these alterations in DA release and reuptake might be a key
mechanism underlying nicotine withdrawal symptoms [9].

Interestingly, DA transmission does not uniformly decrease throughout the
brain during nicotine withdrawal. In contrast to striatal effects, DA release in the
prefrontal cortex (PFC) is heightened during withdrawal to nicotine [159]. The role
of this mesocortical innervation is related to the roles of some DA neurons in moti-
vational salience, as those DA neurons signal the beginning of stimuli via phasic
bursts, regardless of valence [115]. Since the experience during nicotine with-
drawal can be significantly aversive and PFC DA release increases during aversive
and stressful situations, the increased PFC DA release during nicotine withdrawal
might coordinate the necessary mechanisms for the proper aversive behavioral
response [173-177].
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9 Conclusion

Addiction to nicotine, similar to other drugs of abuse, likely results from multiple
mechanisms that involve interactions among various brain circuits. nAChRs, which are
distributed on almost all brain circuits, stimulate responses to nicotine intake that
ultimately produce an addicted state under prolonged use of the drug. Here, we
discussed a specific brain circuit, the MHb-IPN pathway, that is involved in the
nicotine withdrawal syndrome and other aversive aspects of nicotine use. Recent
genome-based studies have identified genes encoding the a5, a3, and p4 subunits as
important genetic determinants for the risk of nicotine dependence. All three of
these subunits are highly expressed along the MHb-IPN pathway, highlighting its
importance to overall addiction to nicotine. Resulting from a series of studies, the
prevailing functional model of the Hb and its projection pathways is that it regulates
dopaminergic and serotonergic function in the midbrain and, consequently, aversion
and negative reinforcement. Given that withdrawal is arguably the most aversive
and unpleasant experience associated with nicotine dependence, this model is con-
sistent with the circuit’s roles in withdrawal behavior. Targeting the nAChRs along
the MHDb-IPN pathway should be a goal in future approaches at pharmacological
treatment of nicotine dependence.
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