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Abstract

Addiction is now recognized as a neurobiological and cognitive brain disorder and is generally
viewed as a switch from recreational or voluntary to compulsive substance use despite aversive
consequences. The habenula, composed of medial (MHDb) and lateral (LHb) domains, has been
implicated in regulating behavioral flexibility and anxiety-related behaviors and is considered

a core component of the brain “anti-reward” system. These functions position the habenula to
influence voluntary behaviors. Consistent with this view, emerging evidence points to alterations
in habenula activity as important factors to contributing the loss of control over the use of drugs
of abuse and the emergence of compulsive drug seeking behaviors. In this review, we will discuss
the general functions of the MHb and LHb and describe how these functional properties allow
this brain region to promote or suppress volitional behaviors. Then, we highlight mechanisms
by which drugs of abuse may alter habenular activity, precipitating the emergence of addiction-
relevant behavioral abnormalities.
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1. Introduction

According to the 2015 National Survey on Drug Use and Health (NSDUH) report, an
estimated 27.1 million people in the United States, aged 12 or older, used illicit drugs. This
represented over 10 percent of the US population in that age group. The European Drug
Report (2017) estimates similarly high levels of drug use. Approximately 17.1 million young
adult Europeans aged 15-34 years old used cannabis and 2.3 million consumed cocaine in
2015-2016. Differences exist between European and US drug users with respect to classes,
levels and patterns of drug use, likely influenced in part by differences in local drug-relevant
laws. For instance, cannabis use is less commonly reported than tobacco use in Europe
relative to the USA, where cannabis use exceeds tobacco use. Conversely, European students
report more frequent and intense patterns of alcohol consumption than their American
counterparts. Despite the high prevalence of drug use in the US, Europe and beyond,
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not all casual users will transition to habitual patterns of consumption and, ultimately,
develop a drug addiction (Wagner and Anthony, 2002). Factors that influence vulnerability
versus resilience to addiction remain unclear, but genetic and environmental factors are
thought to play key roles. For instance, genome-wide association studies (GWAS and twin
studies have revealed that the CHRNAS/CHRNA3/CHRNB4 gene cluster on chromosome
15 contains alleles that predispose to nicotine dependence (Amos et al., 2008; Berrettini
and Doyle, 2012; Hung et al., 2008; Thorgeirsson et al., 2008). Nevertheless, heritability
appears specific to the population under study, and some studies of twins suggest that
environmental and epigenetic mechanisms are also likely to influence the of addiction for
review, (Agrawal and Lynskey, 2008; Agrawal et al., 2014). A better understanding of the
factors that influence vulnerability to addiction, and how these factors modify the actions
of drugs of abuse on reward- and motivation-relevant brain circuits, is likely to lead to new
strategies for therapeutic intervention for the treatment of addiction.

1.1. Definitions and conceptual framework

In this review, we will consider drug addiction as a brain disease (Molkow et al., 2016;

Koob and Volkow, 2010) that involves pre-existing and/or drug-induced alterations in
anatomical, chemical and physiological functions of brain systems relevant to motivated
behaviors (Lischer and Malenka, 2011; Nestler, 2005; Robinson and Kolb, 2004). As

the term addiction is complex, controversial, confounded and continuously evolving, and
differs depending on personal and professional perspective, we will instead use the term
substance use disorder (SUD), as defined by the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) (American Psychiatric Association, 2013). SUDs are classically defined
as chronically relapsing disorders, characterized by a compulsion to seek and obtain a drug
(or drugs in the case of polydrug use), a loss of control over the amount of drug consumed,
and the emergence of negative emotional states when the substance is no more accessible
(Koob and Volkow, 2016). SUDs are often described by a three-stage cycle comprising a
binge/intoxication phase, followed by a withdrawal and negative affect state, which results
in a preoccupation and anticipation phase, ultimately leading to the next intoxication and the
start of a new cycle (Molkow et al., 2016; Fig.1). This model accords well with the DSM-5
criteria of SUDs, since the phases of the cycle capture the features used to define SUDs.

The natural history of SUDs can be traced to a progressive failure to exert control over
drug-taking behavior (Everitt and Robbins, 2016; Volkow and Baler, 2012; Volkow et al.,
2013). Specifically, a switch from controlled and volitional to compulsive and increasingly
automatic drug use is at the heart of all SUDs. Hence, identifying brain systems that
regulate volitional drug use, and understanding how they are impacted by a history of drug
consumption, may reveal how control over intake can be progressively lost in those who
develop compulsive patterns of use.

The aim of this review is twofold. First, we will briefly discuss how drug use may
transition from controlled to compulsive and describe brain systems implicated in this
process. Second, we will highlight the importance of the habenular complex in the control
of motivated behaviors and review emerging evidence supporting a prominent role for this
brain structure in the development of SUDs.
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2. Reward and aversion systems

In 1911, Thorndike described the law of effect, which stipulates that the probability of a
response (here, resulting in the delivery of a drug of abuse) is increased when it is followed
by “satisfaction” (reward) or alleviation of “discomfort” (aversion); what he called the
“after-effect” (Thorndike, 1933; Edward and Thorndike, 1898). This simple but elegant law
explains to large degree how goal-directed behaviors are acquired. Olds and Milner were
the first to demonstrate that, in rats, electrical brain stimulation of brain regions, particularly
the septal area, nucleus accumbens and other components of the medial forebrain bundle
(MFB), may be intrinsically rewarding, reflected by the fact that rats will work vigorously
to obtain such stimulation (Olds and Milner, 1954). Subsequently, MFB inputs to the
mesocorticostriatal dopamine system were heavily implicated in reward-relevant behaviors,
with the evidence suggesting that activation of this system by a rewarding stimulus

serves as a major substrate for the acquisition of goal-directed behaviors (Wise, 1998;
Wise and Koob, 2014), including the acquisition of drug-taking behaviors (Koob and
Volkow, 2016). In addition to their rewarding effects, drugs of abuse also have aversive

or noxious properties. Specifically, acute exposure to drugs of abuse can have aversive
effects, particularly at higher doses for nicotine (Fowler and Kenny, 2014), or after their
initial (transient) rewarding effects have dissipated (Jhou et al., 2013). Withdrawal from
chronic exposure is also known to precipitate an aversive withdrawal syndrome. In contrast
to the intense focus on understanding the pleasurable actions of drugs of abuse, much

less is known about the brain systems and neurobiological mechanisms involved in their
noxious actions. Recently, the habenula has been described as a key brain area involved

in the aversive actions of drugs of abuse (Fowler et al., 2011; Lecca et al., 2014, 2016;
Matsumoto and Hikosaka, 2009; Valentinova et al., 2015). Importantly, the habenula can
exert inhibitory control over mesocorticolimbic dopamine systems (Barrot et al., 2012;
Hong et al., 2011; Ji and Shepard, 2007; Omelchenko et al., 2009), and other major
neurotransmitter systems in the midbrain, suggesting that the habenula may represent an
important nexus in the brain that influences reward-seeking or avoidance behaviors. This is
consistent with conceptualizations of substance use disorder proposing that opponent brain
systems, requiring in part overlapping but also distinct cerebral regions, control the positive
and negative effects of drugs of abuse and that perturbations in the balance between these
opponent systems precipitates pathological drug-seeking behaviors (Wise and Koob, 2014;
Koob and Moal, 2008).

As noted above, the mesocorticolimbic system, comprising dopamine neurons that arise in
the ventral tegmental area (VTA) and project to the nucleus accumbens (NAc) and cortex
(Koob and Volkow, 2010, 2016; Hyman et al., 2006; Nestler and Malenka, 2004), plays an
important role in reward-seeking behaviors. In general, this system responds to rewarding
stimuli, particularly unexpected rewards or cues that predict reward delivery, with phasic
increases in activity and consequently dopamine release into the NAc (Baik, 2013; Roberts
and Koob, 1982; Schultz, 2013; Tobler et al., 2005; Volkow and Morales, 2015; Willuhn
et al., 2010). Schultz and colleagues described two types of reward-relevant “prediction
error” encoded by these neurons; a positive error of prediction, when the reward is better
than expected, or the converse, when the reward is worse than expected or omitted entirely
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(Tobler et al., 2005; Fiorillo et al., 2003; Schultz, 2016). Thus, by modulating the dopamine
signal from midbrain dopamine neurons, information in the NAc related to whether delivery
of expected reward matches what was expected.

Conversely, an “anti-reward” system is recruited as a result of excessive activation of the
reward system and provides a source of negative hedonic valence (Koob and Moal, 2008).
This anti-reward system involves some of the same structures belonging to the reward
system described above. Indeed, decreases in the activity of midbrain dopamine neurons
are thought to encode negative reward events. In addition, other region such as the lateral
habenula (LHb) are considered core brain regions involved in transmitting negative-reward
signals (Matsumoto and Hikosaka, 2007). In the most straightforward conceptualization,
the LHb acts in a manner exactly opposite to midbrain dopamine reward neurons (Brown
and Shepard, 2016; Brown et al., 2017; Stopper et al., 2014). Indeed, in primate studies,
Matsumoto and Hikosaka showed that when a reward is obtained (delivery of juice), activity
of the LHb decreases while that of dopamine neurons increases. By contrast, LHb activity
increases when a punishing stimulus is delivered (an air puff) and dopamine neurons
show a concomitant decrease in activity (Matsumoto and Hikosaka, 2009, 2007). Finally,
if an expected reward is omitted, or a reward is better than expected, LHb activity is
increased or decreased, respectively. These findings are consistent with the hypothesis that
LHb neurons act as a “negative reward” prediction error signal (Matsumoto and Hikosaka,
2009; Bromberg-Martin et al., 2010; Hikosaka, 2010). Thus, by these two systems, the
brain can integrate and process the reward-relevant stimuli and events to guide approach/
avoidance behaviors. Consequently, SUDs could be conceptualized as a cycle of spiraling
dysregulation of the brain reward/anti-reward systems leading to compulsive use of drugs.

3. From controlled to compulsive drug use: brain-wide failure approach/

avoidance systems

Volkow and colleagues have proposed that five major brain regions/circuits involved in

the behavioral selection, adaptation and seeking behaviors are particularly vulnerable to
dysregulation in response to continued drug use. These brain regions, comprising the
mesocorticolimbic dopamine system, amygdala, hippocampus, habenula and prefrontal
cortex (PFC) circuits (Uylings et al., 2003), regulate reward, learning/memory and habit
formation, inhibitory control and executive function (Volkow and Baler, 2014). Drug-
induced alterations in these circuits contribute to the evolution of specific features of

SUDs. Indeed, studies implicate the NAc, dorsal striatum (DS), and globus pallidus (GP)
components of the mesocorticolimic dopamine system in the binge/intoxication stage of
SUDs; the extended amygdala, including the central nucleus of the amygdala, bed nucleus of
the stria terminals (BNST), and a transition area in the shell of the NAc as key elements of
the withdrawal/negative affect stage; and the frontal cortex, including the PFC, orbitofrontal
cortex (OFC), insula and cortical inputs to the hippocampus, as key elements of the
preoccupation/anticipation stage (Volkow et al., 2016; Koob and Volkow, 2016; Wise and
Koob, 2014).
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Key findings in animal studies have implicated the brain regions described above in
addiction-relevant behavioral abnormalities. For example, the striatum is one of the most
studied brain area in the context of switching between volitional to habitual/compulsive
behaviors. Indeed, Everitt and Robbins have advanced the view that a progressive transition
from initial voluntary drug use to stimulus-evoked “habitual” drug use is driven by
dysregulation of DS circuits that receive inputs from midbrain dopamine neurons and
higher-order cortical sites (Everitt and Robbins, 2016; Robbins and Everitt, 1999). This
transition is characterized by a progressive loss of control of substance use progressively
greater control over drug-taking by drug-paired environmental stimuli such that drug use
becomes progressively more automated. At the neural level, they propose that the control
of the substance use progressively shift from the ventral to the dorsal part of the striatum
as behavior becomes more habitual (Everitt and Robbins, 2013), as shown in learning tasks
(Packard and McGaugh, 1992).

Dysfunction in cortical regions has also been implicated in behaviors in animal studies

that are relevant to substance use disorders in humans. For example, it has been proposed
that executive control over drug-taking becomes progressively weaker as drug experience
increases and compulsive-like responding emerges in rodents (Everitt and Robbins, 2013;
Chen et al., 2013). Chen et al. described a decrease of the PFC excitability in rats following
cocaine self-administration. Those rats with decreased PFC activity also showed greater
compulsive-like drug seeking behaviors, reflected by drug-responding that was resistant

to punishment. Using PFC photoinhibition to mimic drug-induced “hypo-frontality”, they
precipitated compulsive-like drug seeking in rats (Chen et al., 2013). In the same study,
optogenetic activation of the PFC was shown to rescue compulsive-like cocaine seeking.
Based on these findings, the authors proposed that cortical areas promote compulsive intake
in the presence of a challenge such as an aversive situation. In contrast to striatal areas

that sustain habitual intake in the absence of such challenges. Moreover, the importance of
dopamine transmission in the PFC in flexible decision making has also been discussed
(Floresco, 2013). The dopamine action through dopamine D1 in PFC likely promotes

the persistence of a particular choice whereas the D2 receptors enable flexible decision
making. Thus, altered dopamine transmission, and the balance between D1 and D2 receptor
signaling, in the PFC in response to drug use may disturb cortical control over drug use,
which in turn predisposes to the emergence of compulsive drug-taking behaviors.

Another important brain region implicated in substance use disorder is the amygdalar
complex, well-described in the fields of emotional learning and cue conditioning
(Stamatakis et al., 2014; Wassum and Izquierdo, 2015). It has been shown that projections
from the amygdala to the NAc promotes reward seeking behavior (Stuber et al., 2011;)
The amygdala seems necessary for attributing emotional value to cues that predict salient
events and has an integral role in the processing of affective states (LeDoux, 2003;

Phelps and LeDoux, 2005). Lesion studies of the basolateral amygdala (BLA) have shown
the disruption of cue-induced reinstatement of otherwise extinguished cocaine seeking
behaviors in rodents (Meil and See, 1997). However, BLA lesions alone do not disrupt
cocaine self-administration (Meil and See, 1997), suggesting the BLA plays an important
role in the motivational properties of cues associated with natural reinforcers and drugs of
abuse (Stamatakis et al., 2014).

Neurosci Biobehav Rev. Author manuscript; available in PMC 2023 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mathis and Kenny

Page 6

Thus, those different brain networks facilitating the selection of appropriate behavioral
strategies are profoundly altered by drug use, particularly those sites known to be controlled
by dopamine transmission. Such alterations are likely to contribute to discrete aspects

of SUD symptoms, such as compulsion, negative affective states and preoccupation.
Intriguingly, the habenula (Hb) receives afferents from almost every major brain region
implicated in SUDs. In turn, the LHb can plays an important role in regulating the activity of
midbrain dopamine neurons, most notably those dopamine neurons that project to the NAc
and mPFC (Lecourtier et al., 2008). These features suggest that the Hb is an important brain
site to consider in the emergence of SUDs. Considering its ability to modulate the activity of
almost all circuits involved in substance use disorder, the LHb is strategic located to play a
“driver” role in the emergence of SUDs. This possibility is considered in more detail below.

4. The habenula: a key node in substance use disorder?

The habenula (Hb) is a diencephalic structure, belonging to the dorsal diencephalic
conduction system (Sutherland, 1982), composed of medial (MHb) and a lateral (LHb)
domains for review (Geisler and Trimble, 2008; Hikosaka et al., 2008). The habenular
complex is conserved across phylogeny, as it can be identified from lamprey, considered

as the oldest living-vertebrate, to human (Aizawa et al., 2011; Bianco and Wilson, 2009;
Concha and Wilson, 2001; Villal6n et al., 2012). Because of its small size and its anatomical
position close to the third ventricle, most studies of the habenular complex until recently
focused almost entirely on its neuroanatomy. These studies described notable differences in
afferent and efferent connectivity between the MHb and LHb (Geisler and Trimble, 2008;
Herkenham and Nauta, 1977, 1979; Viswanath et al., 2014). In brief, the major source

of inputs to the MHb originates from the septum and, in turn, the MHb projects almost
exclusively to the interpeduncular nucleus (IPN) (Fig. 2). By contrast, the LHb receives

a far more distributed network of afferent inputs. Indeed, the LHb is a major point of
convergence of information flow originating from the basal ganglia (more precisely the
entopedoncular nucleus, EPN), the lateral hypothalamus, the BNST, and the medial PFC.

In turn, the LHb projects to major midbrain monoaminergic centers for a more exhaustive
review of its connectivity see (Geisler and Trimble, 2008; Hikosaka et al., 2008; Root et

al., 2014a; Shabel et al., 2014). Based on this anatomical connectivity, Geisler and Trimble
hypothesized that the LHb serves a point of converging for forebrain “macrosystems”, where
information from this higher-order brain sites are integrated and processed, then transmitted
to downstream dopamine and serotonin effector systems (Geisler and Trimble, 2008).

4.1 Functions of the habenular complex

Until recently, many studies investigating the role of the habenular complex in behavior used
lesions. Because such lesions often included both the MHb and the LHb, this prevented

firm conclusions regarding the specific contributions of these subnuclei to behaviors

under consideration. Nevertheless, whole-structure habenular lesions result in learning

and memory deficits, attention deficits, hyper-reactivity to stress, and schizophrenia-like
behavioral abnormalities in laboratory animals (Thornton et al., 1990; Wang et al., 2013).
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The majority of the studies focused on MHb functions have used zebrafish as a model
system. These studies hypothesize that the dorsal habenula in zebrafish is equivalent to

the MHb in mammals (Amo et al., 2010). Based on this work, it has been hypothesized
that the MHb serves as a “switchboard” for controlling emotional behaviors (Mathuru

and Jesuthasan, 2013a; Okamoto et al., 2012a), particularly fear- and anxiety-related
behaviors (Molas et al., 2017a; Yamaguchi et al., 2013). In rodents, specific inhibition

of MHb neuronal activity accomplished using elegant genetic targeting strategies, induces
maladaptive responses to anxiogenic environments in mice (Kobayashi et al., 2013). These
animals also showed deficits in impulsivity (Viswanath et al., 2014; Kobayashi et al.,
2013), suggesting that the MHb plays a role in response selection and behavioral flexibility.
Interestingly, optogenetic activation of MHb neurons supports intracranial self-stimulation
behavior, suggesting that activation of this structure can, in some circumstances, trigger
reward-related experiences (Hsu et al., 2014). Conversely, inhibition of this structure induces
aversion (Hsu et al., 2014). In the same study, genetic ablation of the MHb reduced wheel
running, suggesting a deficit in responsiveness to reward-relevant stimuli. More recently,
Molas and colleagues described a role for the MHb-IPN circuit in novelty preference and
familiarity. First, the authors showed that GABAergic neurons in the IPN are recruited

as a stimulus becomes more familiar (Molas et al., 2017b). Then, using an optogenetic
approach, they demonstrated that activation of the MHb-IPN pathway signals familiarity
and induces a reduction in exploratory behaviors. They also demonstrated that a VTA-IPN
pathway participates in signaling of novelty and facilitates exploratory behavior. Yamaguchi
and colleagues have generated data suggesting that two discrete MHb-regulated circuits are
involved in active and passive coping behaviors (Yamaguchi et al., 2013). Using transgenic
mice, they elegantly described a projection from the triangular nucleus of the septum to

the ventral part of the MHb (TS—VMHD) that is selectively involved in anxiety-related
behaviors. By contrast, the bed nucleus of the anterior commissure (BAC) is shown to
project to the dorsal part of the MHb (BAC—dMHDb), and is involved in regulating fear
learning. Finally, in addition to fear and anxiety, studies in rodents have explored the role
of MHb in regulating the motivational properties of nicotine (Fowler et al., 2011; Molas et
al., 2017a; Antolin-Fontes et al., 2015; Fowler and Kenny, 2012; Tuesta et al., 2017). The
role of the MHb in substance use disorder is considered in more detail below. Together,
these studies suggest that the MHb plays an important role in behaviors relevant to fear and
anxiety and may control the avoidance of nicotine and other drugs of abuse (Molas et al.,
2017a; Okamoto and Aizawa, 2013).

Over the past decade, most studies investigating habenular functions have focused on the
role of the LHb in basal ganglia-mediated functions. The seminal work of Matsumoto

and Hikosaka in primates (Matsumoto and Hikosaka, 2009, 2007), showing that LHb
neurons increase their activity in response to punishing stimuli and decrease their activity in
response to rewarding stimuli, catalyzed major interest in this brain region. As mentioned
above, they described the LHb as a negative reward center that encodes an aversion-related
“prediction-error signal”, which is activated when there is a negative discrepancy between
predicted and actual value of reward-related outcomes (Matsumoto and Hikosaka, 2009,
2007; Hikosaka, 2010). Further work showed that the firing rate of LHb neurons is inhibited
by unexpected reward and by presentation of reward-predicting cues, with the magnitude
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of this effect being directly proportional to the discrepancy between expected and delivered
reward. Based on these and related findings, the LHb is considered as a major integrating
and relaying structure for striatal and limbic reward-relevant information toward midbrain
monoaminergic nuclei (Hikosaka, 2010; Geisler and Trimble, 2008), which plays a major
role in coding negative motivational value and consequently influencing subjective decision-
making biases (Stopper et al., 2014; Bromberg-Martin et al., 2010; Bromberg-Martin and
Hikosaka, 2011). This role for the LHb in reward signal (and also in punishment) identifies
the LHb an attractive brain structure to investigate in the context of substance use disorders
and other psychiatric disorders characters by negative emotional states, such as depression
and anxiety (Lecca et al., 2014; Valentinova et al., 2015; Li et al., 2013; Sartorius and

Henn, 2007). Many studies have also described the involvement of the LHb in approach/
avoidance behaviors. Indeed, activation of the LHb—VTA pathway is aversive and supports
avoidance behavior (Root et al., 2014b). Similarly, activation of the inputs from the EPN to
the LHb is also aversive (Shabel et al., 2012). Interestingly, other studies suggest that the
LHb plays a role in behavioral adaptation and outcome evaluation (Mizumori and Baker,
2017; Stephenson-Jones et al., 2016a). In rats, Baker and Mizumori generated evidence that
the LHb guides response flexibility to maximize the effectiveness of goal-directed behaviors
(Baker et al., 2015, 2017). Using a T-maze task, in which rats learned to turn left or right
when a low or high tone was played, respectively, the authors found that pharmacological
inactivation of the LHb impaired the ability of rats to use the tone to choose the correct arm
when the rule was changed. This hypothesis was also proposed by Stopper and colleagues
using a model of risk/reward decision-making task in rodents (Stopper et al., 2014). In this
study, the authors showed that electrical stimulation of the LHb influenced the strategy used
by the animal. If the LHb stimulation occurs after a “large risky choice” (low probability

to obtain a large reward), rats will prefer to use a “small certain choice” for the next trials
(high probability to obtain a small reward), regardless the results of the previous action. The
authors described the exact opposite switch in choice if the LHb stimulation occurs after the
“small certain choice”. Thus, the LHb seems to be involved in the ability to switch strategies
to maximize rewarding outcomes.

Using functional magnetic resonance imaging (FMRI) in humans engaging in a difficult
judgment task that results in high rate of errors (with or without feedbacks for the
participants), Shepard and colleagues demonstrated that errors with negative feedback
prompted significantly greater hemodynamic signals in the habenula than errors without
feedback. Interestingly, correct choices without feedback also showed a tendency to promote
greater habenular activity than correct choices with feedback. These data suggest that the
habenula provides a signal that facilitates the association of actions with negative feedback
when the subject is unaware of whether the correct behavioral strategy was employed. The
authors hypothesized that this interplay between error likelihood and feedback plays an
important role in learning tasks associated with high levels of ambiguity.

In rodents, the LHb has been implicated in spatial learning and working memory (Baker et
al., 2015; Mathis et al., 2015, 2016), highlighting its potential role in the storage and the

use of different strategies to use depending on the situation. Consistent with a role in the
integration of the ongoing actions and their outcomes, the LHb is known to be activated after
application of stressful stimuli (Chastrette et al., 1991; Lecca et al., 2017a; Wirtshafter et
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al., 1994; Zhang et al., 2016a). More precisely, it was shown that aversive stimuli induce
the activation of the lateral hypothalamus projections to the LHb, which promotes escape
behavior (Lecca et al., 2017b). Zhang and colleagues also demonstrated that a decrease in
innate fear induced by water deprivation may be due to inhibition of the LHb from resulting
from vasopressin-expressing neurons of the paraventricular nucleus of the hypothalamus
(Zhang et al., 2016b). Thus, the LHb appears able to flexibly promote or suppress behaviors
depending on internally generated drives (for instance, the thirst) to help guide behavior
that and thereby reduce these noxious behavioral states (Molas et al., 2017a; Okamoto and
Aizawa, 2013; Mizumori and Baker, 2017; Fore et al., 2017; Mathis and Lecourtier, 2017).
Together, these studies suggest that the LHb plays an important role in adaptive behaviors
(Hikosaka, 2010; Stephenson-Jones et al., 2016b) in response to negative emotional states.
This is consistent with recent conceptualizations suggesting that the habenular complex
may be involved in behavioral abnormalities associated with schizophrenia and aggression-
related disorders (Golden et al., 2016; van Kerkhof et al., 2013; Shepard et al., 2006).

Finally, it is important to note that the precise functional relationship between the MHb and
LHb is currently unclear. Although a unidirectional projection from the MHb to the LHb has
been reported (Kim and Chang, 2005), little is known about how, or even if, information is
processed and transferred between these nuclei and, if so, what is the behavioral relevance of
such intra-habenular information flow.

4.2. Role for the medial habenula in regulating drug use

The role of the habenular complex as a hub for relaying reward-relevance information from
forebrain to downstream midbrain effector systems, and monitoring the effectiveness of
subsequent behaviors, suggests that this structure is likely to play a key role in drug seeking
behaviors (Baldwin et al., 2011; Meye et al., 2017; Salaberry and Mendoza, 2015; Velasquez
et al., 2014). Evidence linking the MHb in to the actions of drugs of abuse, particularly
nicotine and opioid addiction, comes from the fact that it has some of the highest densities
of nicotinic acetylcholine receptor subunits, particularly a3, a5 and g3 subunits (Fowler and
Kenny, 2012; Shih et al., 2014) as well as [ opioid receptors (Gardon et al., 2014), in the
brain. Indeed, approximately ~90-100% of MHb neurons express a5, a3, a4, p2 and/or p4
NAChR subunits (Shih et al., 2014). As noted above, the MHb-IPN circuit plays a role in
regulate avoidance of noxious stimuli and adaptive behaviors in response to the familiarity
or novelty of a particular stimulus (YYamaguchi et al., 2013), (Molas et al., 2017b; Okamoto
and Aizawa, 2013; Mathuru and Jesuthasan, 2013b; Okamoto et al., 2012b). Our laboratory
has shown that deletion of a5 nAChR subunits decreases the function of NnAChRs in the
MHb and IPN of mice, as measured using rubidium efflux (Fowler et al., 2011). Based

on these observations, we hypothesized that a5-containing (and perhaps other subtypes of)
nAChRs in the MHb-IPN circuit regulate nicotine avoidance behaviors, such that deficits

in nAChR transmission in this circuit results in greater nicotine intake. Consistent with

this hypothesis, we found that levels of intravenous nicotine self-administration behavior
were far higher in a5 subunit knockout (Chrna5~~) mice compared with their wild-type
littermates (Fowler et al., 2011). This effect in CArna5~~ mice was most apparent when
higher unit doses of nicotine, which can support avoidance behaviors in place conditioning
procedures, were available for self-administration. We also investigated the role for a5*
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nAChRs in the MHb-IPN circuit in regulating this effect in the Chrna5~~ mice. Specifically,
we developed a lentivirus vector to express a5 subunits (Lenti-Chrna5), and used this

virus to ‘rescue’ a5 subunit expression in the mHb-IPN circuit of the Chrna5™~ mice
(Fowler et al., 2011). When treated with a control virus (Lenti-Control), we again found

that Chrna5~~ mice consumed greater amounts of nicotine than wild-type mice. By contrast,
Chrna5™~ mice treated with the Lenti- Chrna5” rescue” virus showed nicotine intake that
was indistinguishable from their wild-type littermates.

The a5 NAChR subunit is not the only actor in MHb nAChR transmission that regulates
nicotine intake. A series of elegant experiments from the laboratory of Ibanez-Tallon and
colleagues demonstrated that nAChRs containing p4 subunits exert a profound influence
over nicotine intake in a manner similar to a5-containing nAChRs (Antolin-Fontes et al.,
2015; Slimak et al., 2014) They conclude that increased p4-mediated nAChR currents
increase aversion to nicotine, while decreases in these currents attenuates nicotine aversion.
These findings further support the hypothesis that the MHb-IPN pathway controls nicotine
avoidance behaviors (Antolin-Fontes et al., 2015; Slimak et al., 2014), highlighting the
potential importance of a5- and p4-containing receptors as targets for the development of
novel smoking cessation (Biasi and Salas, 2008).

In addition to the MHb-IPN system, a5 and f4 nAChR subunits are also densely expressed
in the nucleus of the solitary tract (NTS). Based on this expression pattern, which resembles
the MHb-IPN circuit, we investigated the contribution of the NTS in the regulation of
nicotine intake. We found the nicotine induced robust dose-dependent increases in Fos
immunoreactivity in NTS neurons, with this effect prominent in NTS neurons that express
the neuropeptide glucagon-like peptide-1 (GLP-1) (Tuesta et al., 2017). Using a line of
Chrna5tdTomato reporter mice, we confirmed that GLP-1 neurons express a5 nAChR
subunits. We found that systemic delivery of the GLP-1 receptor agonist exendin-4 (Ex-4),
or the dipeptidyl peptidase 4 (DPP-4) inhibitor sitagliptin, to inhibit GLP-1 breakdown,
decreased responding for nicotine but not food rewards in mice. Used two separate Cre-
expressing mouse lines (Phox2b-Cre and glucagon-Cre mice) to target chemogenetically
stimulate GLP-1 neurons in the NTS resulted in decreased responding for nicotine but not
food in these mice. Conversely, nicotine but not food responding was increased in GLP-1
receptor knockout (G/pZr”-) mice. Together, these findings suggest that GLP-1 signaling in
the brain derived from NTS neurons decreases the motivation to consume nicotine.

Next, we investigated the mechanisms by which GLP-1 neurons in the NTS control nicotine-
taking behavior. Some of the highest densities of GLP-1 receptor binding sites in the brain
are detected in the IPN (Goke et al., 1995). Therefore, we investigated the possibility that
GLP-1 released from NTS neurons may enhance activity of the MHb-IPN avoidance circuit
to control nicotine intake. We detected GLP-1-immunoreactive fibers in the IPN of mice
(Tuesta et al., 2017), suggesting that GLP-1 neurons in the NTS project to the IPN. Next,

we injected Cre-inducible channelerhodopsin-2 (DIO-ChR2-GFP) into the NTS of Gcg-Cre
mice, in which Cre in the NTS is expressed exclusively in GLP-1 neurons. We found that
opto-stimulation of GLP-1 neuron terminals in the IPN markedly increased the frequency
but not the amplitude of excitatory post-synaptic currents (EPSCs) in IPN neurons (Tuesta et
al., 2017). The IPN receives massive cholinergic innervation from MHb (Ren et al., 2011),
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with MHb cholinergic neurons co-releasing glutamate and providing the major source of
glutamatergic input to IPN. The GLP-1 agonist Ex-4 markedly enhanced EPSCs in IPN
neurons optically evoked from terminals the terminals of MHb cholinergic neurons. These
findings show that GLP-1, released from NTS inputs to IPN, acts on the terminals of MHb
neurons to enhance excitatory transmission in IPN neurons.

Finally, we investigated the role for GLP-1 transmission in the MHb-IPN circuit in
regulating nicotine intake. ShRNA-mediated knockdown of G/pZrin the MHb increased
nicotine intake in rats, particularly when higher doses of nicotine were available. Also,

we found that infusion of the GLP-1 receptor agonist exendin-4 (Ex-4) into the IPN
dramatically decreased nicotine intake in rats but not food responding. Conversely, IPN
infusion of the GLP-1 receptor antagonist exendin-(9-39)-amide (Ex-9) increased nicotine
intake in rats. These data show that GLP-1 acts on the MHb- IPN circuit to regulate nicotine
avoidance behaviors.

More recently, the role for discrete populations of a5 nAChR sub-unit-expressing neurons
in the IPN in regulating nicotine reward was explored. Using translating ribosome affinity
purification (TRAP) technology, two non-overlapping populations of Chrna5-expressing
neurons were identified in the IPN; those that co-expressed Amigo and those that co-
expressed Epyc (Ables et al., 2017). Chronic nicotine with treatment maerkedly perturbed
the transcriptome of a5-AM901 neyrons, whereas the a5-EPYC neurons were relatively
resistance to the transcriptional actions of nicotine (Ables et al., 2017). Closer examination
of the genes whose expression was altered in a5-AMi9°1 neurons suggested that somatostatin
and genes related to nitric oxide (NO) signaling were impacted by nicotine (Ables et al.,
2017). Moreover, somatostatin and NO were shown to inhibit optically stimulated excitatory
currents derived from MHb terminals in the IPN. Moreover, inhibition of neurotransmitter
release from the a5-AMi9°1 hut not from the a.5-EPYC neurons in the IPN blocked nicotine
reward, as measured using a place conditioning procedure. Similarly, ShRNA-mediated
knockdown of AosZin the IPN also blocked nicotine reward. These findings suggest that
retrograde control of MHb terminals by IPN neurons play an important role in regulating
the motivational properties of nicotine and perhaps other drugs of abuse that act on the
MHb-IPN circuit.

In addition to the states of aversion induced by consumption of nicotine, the MHb-IPN
circuit has also been implicated in the aversion state associated with withdrawal from
nicotine after a period of chronic exposure to the drug. Gérlich and colleagues demonstrated
that cholinergic neurons in the MHb display a pacemaker activity and that nicotine
withdrawal is associated with profound alterations in this pacemaker activity (Gorlich et
al., 2013). Infusion of the nAChR antagonist mecamylamine into the MHb or the IPN
precipitates a withdrawal-like behavioral syndrome in nicotine-dependent rodents (Salas

et al., 2009). This suggests that adaptive responses in nAChR signaling in the MHb-IPN
circuit contributes to the development of nicotine dependence. In addition, Zhao-Shea

and colleagues demonstrated that pharmacological blockade of corticotropin release factor
(CRF) receptor 1 in the IPN, or optogenetic silencing of MHb inputs to the IPN, attenuated
the otherwise increased IPN activation seen during nicotine withdrawal and alleviated
withdrawal-associated increases in anxiety-related behaviors (Zhao-Shea et al., 2015).
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Conversely, CRF infusion into the IPN of nicotine-dependent mice increased anxiety-related
behaviors. The data described above reveal a key role for the MHb, and the MHb-IPN
circuit, in regulating nicotine intake and nicotine withdrawal (Fowler and Kenny, 2012;
Gorlich et al., 2013; Dao et al., 2014).

Together, these findings suggest that the MHb-IPN circuit is likely to play a critical role in
the establishment and maintenance of the nicotine-taking habit in human smokers. The role
of the MHb-IPN circuit in the actions of other drugs of abuse is less clear, but emerging
evidence suggests that this circuit may play a role in regulating cocaine seeking behaviors
(Lépez et al., 2018).

4.3. Role for the lateral habenulain regulating drug use

The activation of the LHb in response to punishment or omission of expected rewards has
catalyzed interest in this structure in the negative affective state that accompanies withdrawal
from many classes of drugs of abuse. Using patch-clamp electrophysiological recordings in
mice, Zuo et al. have shown that nicotine application induces a fast but transient decrease,
then a persistent increase, in LHb activity (Zuo et al., 2016) suggesting that, in addition to
the MHb, the LHb may also regulate the motivational properties of nicotine. The p-opioid
agonist DAMGO hyperpolarizes a small subset of LHb neurons and inhibits glutamate
release from presynaptic terminals (Margolis and Fields, 2016), suggesting that opioids
inhibit the activity of this aversion-relevant brain site. In addition, opioids have also been
shown to inhibit the release of GABA in LHb from inhibitory inputs in a large subset of
LHb neurons (Margolis and Fields, 2016). This suggests that opioids exert a complex patter
of effects LHb neurons. It will be important to determine if the inhibitory and excitatory
effects of opioids on LHb activity show a dissociable temporal profile of effect in vivo. This
is based on the bimodal actions that cocaine is known to exert on LHb activity. Specifically,
Jhou and colleagues demonstrated that the LHb shows an initial decrease in activity in
response to cocaine injections in rats that coincides with the expression of reward-related
behaviors (Jhou et al., 2013). This effect lasts ~10-15 min after cocaine delivery and is
followed by a persistent increase in the firing rate of LHb neurons lasting at least 30

min and coinciding with the expression of cocaine-induced states of aversion (Jhou et al.,
2013). Hence, it will be interesting to determine if opioids induce a similar pattern of

LHb inhibition followed by LHb activation that coincides with opioid reward and aversion,
respectively.

Neumann and colleagues, using patch-clamp preparations, have also recorded the activity of
LHb neurons after cocaine self-administration behavior in rats. They describe an increase

of the LHb membrane excitability when assessed 24 to 48 h following self-administration
of cocaine, which persists for at least 7 days after the last cocaine exposure (Neumann et
al., 2014). This suggests that increased LHb activity could contribute to the long-lasting
decreases in mood and insensitivity to rewarding stimuli detected in rats underling cocaine
withdrawal that are thought to play a key role in precipitating compulsive cocaine use
(Ahmed and Kenny, 2011; Kenny et al., 2003, 2018). Mahler and Aston-Jones described
that the LHb neurons projecting to the VTA are more active during 7 days of extinction
from intravenously self-administered cocaine infusions compared with their activity after
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cue-induced reinstatement of responding (Mahler and Aston-Jones, 2012). This observation
suggests that exposure to cocaine-paired cues, and engaging in cocaine-seeking behaviors,
can at least temporarily decrease the firing rate of LHb neurons, perhaps contributing

to the motivation to seek and obtain the drug during periods of abstinence. Mameli

and colleagues have described an important series of studies in which the LHb becomes
hyperactive during periods of cocaine withdrawal in mice (Meye et al., 2015, 2016), with
this hyperactivity contributing to a negative affect state (Lecca et al., 2016; Valentinova et
al., 2015). Furthermore, they found that projections from the EPN to the LHB can co-release
both glutamate and GABA, which is consistent with previous observations (Root et al.,
2014a; Shabel et al., 2014). During withdrawal, this co-release process is impacted such
that the LHb receives a greater component of excitatory drive from EPN inputs, which

leads to negative affective states (Meye et al., 2016). Moreover, normalizing dysregulated
balance between excitatory and inhibitory transmission in the EPN-LHb circuit not only
rescued the negative state induced by cocaine withdrawal but also prevented stress-induced
reinstatement (Meye et al., 2016). Thus, the LHb seems to first, signals the rewarding effect
of a drug of abuse by decreasing its firing rate. Then, as a self-protective mechanism, the
LHb activity seems to increase, likely in order to suppress the consumption, and even drives
the aversive effects of the drug.

Moreover, during withdrawal periods the LHb drug-induced hyperactivity (LHb-DIH) could
play a key role in the aversive states experienced by drug users. This LHb-DIH may still be a
protective mechanism protecting the individual to retake a drug of abuse.

4.4. Neurodegeneration of the habenular complex in response to drugs of abuse

It has been reported that cocaine can trigger degeneration of the fasciculus retroflexus

(FR) (the main efferent LHb pathway) in rodents after continuous cocaine or amphetamine
treatment (Ellison, 1992, 2002; Lax et al., 2013). Nicotine induces striking degeneration

of the FR in rats, but in this case it is axons from neurons that originate in the MHb that

are affected (Carlson et al., 2001). These findings suggest that the habenular complex is
uniquely sensitive to neurotoxic actions of drugs of abuse. Degeneration of FR inputs to
downstream dopamine and monoaminergic brain centers may induce long-lasting disruption
in brain homeostasis in response to the consumption of drugs of abuse that contributes

to persistent vulnerability to relapse. This raises the intriguing possibility that substance

use disorders may not be purely behavioral disorders but may also reflect the impact of
highly selective neurodegenerative processes in the brains of drug users. This possibility will
require intensive investigation.

4.5. The habenular complex in substance use disorders

Based on what we can surmise from the emerging literature on the role of the habenular
complex in the actions of drugs of abuse we can begin to identify some basic principles
on its likely involvement in addiction-relevant behavioral abnormalities. First, the MHb
and LHb are responding robustly after consumption of doses of nicotine or cocaine,
respectively, that induce aversive states. Hence, these structures are likely involved in the
noxious responses to these drugs that limit their consumption. These observations raise
some important questions: First, is the habenula complex involved in noxious responses
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to other addictive drugs? Second, how precisely that these aversive states transduced in
downstream brain circuits, such as the IPN, VTA and raphe nuclei and beyond (Fig. 2),
such that this information is processed in parallel with reward-relevant information in the
brain and behavioral output modified accordingly? Third, can this information be leveraged
to generate novel medications for substance use disorders that are based on modifying
avoidance responses to drug of abuse rather than modifying approach behaviors?

As noted above, the habenula complex also plays a role in the aversive behavioral state that
is experienced during withdrawal from drugs of abuse after a period of chronic exposure.
Once, again, this raises questions about the broader circuit thigh which these effects are
relayed and whether a network of habenula-regulated brain systems can be targeted to
develop novel treatments for those suffering from substance use disorders.

It is important to note that some of the strongest human genetics evidence linking allelic
variation to vulnerability to substance use disorders relate to genes that are densely
expressed in the habenular complex. Indeed, allelic variation in the CHRNAS5/CHRNA3/
CHRNB4 gene cluster, which encodes the a5, a3 and 4 subunits, respectively, increases
vulnerability to tobacco and alcohol dependence, and these genes are densely expressed in
the habenula. This raises the intriguing possibility that other genes that regulate habenular
function may also influence genetic vulnerability to addiction. Moreover, environmental
factors that alter habenular function could also predispose to substance use disorders,

and chromatin modifiers that control habenular gene expression could likewise influence
vulnerability.

Finally, it is worth pointing out that neurons in the MHb and the LHb demonstrate marked
pacemaker activity (Gorlich et al., 2013; Sakhi et al., 2014a, b; Zhao and Rusak, 2005).
Further investigation of this particular capacity of the habenular complex to generate
complex intrinsic patterns of activity is likely to better reveal how drugs of abuse impact

the habenula and how this structure controls drug intake. Goérlich and colleagues already
proposed that the pacemaker activity of cholinergic neurons in MHb may be modified during
withdrawal from nicotine, which may contribute to relapse vulnerability (Gorlich et al.,
2013).

5. Conclusions

In summary, the habenular complex plays a key role in processing aversive and emotionally
negative stimuli to influence action selection to optimize adaptive behavioral responses
(Hikosaka, 2010; Mizumori and Baker, 2017; Stephenson-Jones et al., 2016a; Mathis and
Lecourtier, 2017). Indeed, the habenula integrates external as well as internal stimuli (Baker
etal., 2015; Zhang et al., 2016b) to regulate adaptations to aversive-related stimuli (Mathis
etal., 2015, 2016; Lammel et al., 2012; Stamatakis and Stuber, 2012). Thus, the habenula
appears to be at the center of a brain network involved in reward- and aversion- relevant
behaviors. Drugs of abuse appear to profoundly alter the activity neurons in the medial and
lateral habenula. We propose that drug-induced alterations in habenular activity contribute
to the spiraling dysregulation in brain hedonic homeostasis that drives the development

of the compulsive drug use that characterizes substance use disorders (Fig. 3). Future
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studies on precisely how the activity in the habenula complex is impacted by drug use, and
identification of strategies to reverse such alterations, may lead to new therapeutics for the
treatment of compulsive drug use.
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Fig. 1. Thethree stages cycle of addiction.
Substance use disorders are characterized by different stages. After a first experience of

drug intake, accompanied by a feeling of pleasure, individuals enter the withdrawal phase
characterized by negative affects states. During this second phase, the drug is not available,
leading the subject to the third phase, the stage of preoccupation and anticipation where
individuals seek the drug and will start a new cycle.
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Fig. 2. The connectivity of the habenular complex.
The habenular complex is also called dorsal diencephalic conduction system, conveying

information from the limbic forebrain to limbic midbrain areas (Sutherland 1989). The main
habenular inputs (green) comprised the medial prefrontal cortex (mPFC), the septum (Sep),
the entopedoncular nucleus (EPN), the lateral hypothalamus (LH) and the suprachiasmatic
nucleus (SCN). This complex sends axons to different midbrain areas (orange) such as the
ventral tegmental area (VTA), substancia nigra (SN), the rostromedial tegmentum (RMTQg),
the raphe nuclei and the interpeduncular nucleus (IPN).
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Fig. 3. The habenular complex playsarolein thereward and anti-reward systems.
Drugs of abuse can modify the habenular activit y. (a) In general, after drug intake the

habenular complex receives information from several brain areas leading to its inhibition
which participate in the positive effect of drug (pleasure). Then, after a period of withdrawal
this complex shows an increased activity, as the reflection of the activation of an “opponent
process” of the “anti-reward system”. The aim of the activation of such a process is likely to
suppress the drug intake by inducing the aversive effects of drugs of abuse.

In the context of substance use disorders (b), activity alterations of the habenular complex
likely lead to midbrain areas, such as VTA, RMTg and IPN, dysfunctions. These areas
control the monoaminergic release, which will therefore be altered, impairing the subject
abilities to control his drug seeking, the starting point of the addiction cycle.
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