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Abstract

Tobacco smoking is the leading cause of preventable death worldwide,
responsible for more than 7 million deaths per year. Nicotine is the main
psychoactive component of tobacco and responsible for its addictive
properties. Although smoking cessation produces significant health
benefits, around 80% of former smokers relapse within the first month.
Nicotine acts on nicotinic acetylcholine receptors, however, nicotine
addiction is a complex brain disease that involves the participation of
several neurotransmitter systems. In a first approach, we combined
sophisticated operant behavioral models with genetic and virus-mediated
chemogenetic tools to demonstrate that opioid signaling and
corticostriatal glutamatergic signaling critically contribute to the
reinforcing properties of nicotine. We further revealed that nicotine self-
administration triggers structural plasticity in the nucleus accumbens
(NAc) core and shell. Interestingly, structural plasticity was singularly
driven by contingent nicotine self-administration, but not non-contingent
nicotine administration, concluding that goal-directed behavior and
conditioning are necessary to trigger the mechanisms that underly
structural plasticity. In a second approach, we demonstrated for the first
time the implication of the sigma-1 receptor (Sig-1R), a novel receptor
type that is thought to lack its own specific signaling machinery, in the
relapse to nicotine-seeking. Acute blockade of Sig-1Rs significantly
decreased cue-induced reinstatement of nicotine-seeking by inhibiting
neurobiological adaptations in the medial prefrontal cortex and NAc,
including Sig-1Rs, glutamatergic, cholinergic and opioid receptors.
Together, our study provided new insights about the involvement of
opioid, glutamatergic and Sig-1R signaling in nicotine addiction that can

help to develop new therapeutic strategies to treat nicotine addiction.



Resimen

El tabaquismo es la principal causa de muerte evitable en todo el mundo,
responsable de mas de 7 millones de muertes al afio. La nicotina es el
principal componente psicoactivo del tabaco y la responsable de sus
propiedades adictivas. Aunque dejar de fumar produce importantes
beneficios para la salud, alrededor del 80% de los ex fumadores recaen en
el primer mes. La nicotina actla sobre los receptores de acetilcolina
nicotinicos, sin embargo, la adiccidon a la nicotina es una enfermedad
cerebral compleja que implica la participacidn de varios sistemas de
neurotransmisores. En un primer enfoque, combinamos sofisticados
modelos de comportamiento operante con herramientas genéticas y
guimiogenéticas mediadas por virus para demostrar que la sefializacién de
opioides y la sefializacién glutamatérgica corticostriatal contribuyen de
manera critica a las propiedades de refuerzo de la nicotina. Ademas,
revelamos que la autoadministracion de nicotina desencadena la
plasticidad estructural en la zona central y la corteza del nucleo
accumbens (NAc). Curiosamente, la plasticidad estructural fue impulsada
exclusivamente por la autoadministracidon contingente de nicotina, pero
no por la administracién no contingente, concluyendo que el
comportamiento dirigido a objetivos y el condicionamiento son necesarios
para activar los mecanismos que subyacen a la plasticidad estructural. En
un segundo enfoque, demostramos por primera vez la implicacién del
receptor sigma-1 (Sig-1R), un nuevo tipo de receptor que se cree que
carece de su propia maquinaria de sefializacion especifica, en la recaida la
busqueda de nicotina. El bloqueo agudo de Sig-1Rs disminuyd
significativamente el restablecimiento de la busqueda de nicotina
inducido por estimulos asociados al inhibir las adaptaciones

neurobioldgicas en la corteza prefrontal medial y el NAc, incluidos los



receptores Sig-1R, glutamatérgicos, colinérgicos y opioides. En conjunto,
nuestro estudio proporciona nuevos conocimientos sobre la participacion
de la sefalizacion opioide, glutamatérgica y Sig-1R en la adiccién a la
nicotina que pueden ayudar a desarrollar nuevas estrategias terapéuticas

para tratar la adiccion a la nicotina.
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Introduction

1 Substance use disorder

Substance use disorder (SUD) is a chronic relapsing brain disorder
characterized by compulsive drug-seeking and drug-taking, loss of control
in limiting drug intake and continuing drug use despite adverse
consequences (DSM-5, 2013). The appearance of a negative emotional
state and craving when access to the drug of abuse is prevented, and the
relapse to drug-seeking and/or -taking even after protracted abstinence
which remains the major clinical health concern (Koob et al., 1997; Koob

& Le Moal, 2008a; Koob & Volkow, 2016).

1.1 Epidemiology

SUDs are a major public health problem that soaks throughout all social
classes of the world’s population. Indeed, the World Health Organization
(WHO) estimated that more than half (57%, or 3.1 billion people) of the
global population, aged 15 years and over, had abstained from drinking
alcohol in the previous 12 months. Furthermore, approximately 2.3 billion
people are current drinkers (WHO, 2018) which represents an increase of
about 15% compared to the WHO report in 2002 (WHO, 2002). In 2016,
the harmful use of alcohol resulted in approximately 3 million deaths
worldwide (5.3% of all deaths) and 132.6 million disability-adjusted life
years (DALYs), 5.1% of all DALYs in that year. Mortality resulting from
alcohol consumption is higher than that caused by diseases such as
tuberculosis, HIV/AIDS and diabetes.

About 275 million people worldwide, which is roughly 5.6 % of the global
population aged 15-64 years (Figure 1), used illicit drugs of abuse,
including cannabis, opioids, and psychostimulants, at least once during

2016. Some 31 million people who use drugs suffer from drug use

1
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disorders, meaning that their drug use is harmful to the point where they
may need treatment. Roughly 450,000 people died as a result of drug use
in 2015, according to the WHO, 167,750 of those deaths were directly
associated with drug use disorders (mainly overdoses). The rest were
indirectly attributable to drug use and included deaths related to HIV and
hepatitis C acquired through unsafe injecting practices. Opioids continued
to cause the most harm, accounting for 76 % of deaths where drug use
disorders were implicated. The non-medical use of pharmaceutical opioids
is of increasing concern for both law enforcement authorities and public
health professionals. Different pharmaceutical opioids are misused in
different regions. In North America, illicitly sourced fentanyl, and its
analogs, with heroin or other drugs, is driving the unprecedented number

of overdose deaths.
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Figure 1. Number of individuals that used illicit drugs and/or abused prescriptions in
2016 (adapted from UNODC, 2018)
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1.2 Tobacco smoking: a major health concern

The tobacco epidemic is one of the biggest public health threats the world
has ever faced, killing more than 7 million people a year. More than 6
million of those deaths are the result of direct tobacco use while around
890 000 are the result of non-smokers being exposed to second-hand
smoke. This mortality is mainly due to lung cancer, coronary heart disease,
respiratory and chronic obstructive pulmonary disease, which represent
an important impact on health care expenses. Despite public awareness
of the harmful effects of tobacco use, it is estimated that 22.5% (32% men,
7% women) of the global adult population are current smokers (Gowing et
al., 2015). Around 80% of the 1.1 billion smokers worldwide live in low-
and middle-income countries, where the burden of tobacco-related illness
and death is heaviest (WHO, 2017).

Tobacco is mainly consumed in the form of cigarettes, conceived as the
most effective form to deliver nicotine to the organism. Nicotine is the
main psychoactive component of tobacco and responsible for its addictive
properties (Grenhoff & Svensson, 1989; West, 1992; Stolerman & Jarvis,
1995). Moreover, tobacco contains more than 4000 toxic components
with many been reported as irritating, carcinogenic and toxic contributing
to the development of smoking-related diseases. Even though smoking
cessation produces significant health benefits and decreases the risk of
tobacco-associated diseases within few years after quitting (USHHS, 1990;
Doll et al., 2004), around 80% of former smokers relapse within the first
month of abstinence with only 3% of them remaining abstinent at six
months (Benowitz, 2010). Therefore, it is necessary to provide more

efficacious and alternative pharmacotherapies (Schlam & Baker, 2013).
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1.3 The nosology of substance use disorders

Although psychoactive substances (including alcohol and nicotine) have
been around for nearly as long as recorded history, the scientific
classification of SUDs only began in the early 19th century. While this work
is focused almost exclusively on the American classification system, it is
certainly noteworthy that the nosology of modern psychiatry began with
the German classifiers of the late 19th century, especially Emil Kraepelin
who believed the chief origin of psychiatric disease to be biological and
genetic malfunction, and was identified as the founder of modern
scientific psychiatry (Eysenck et al., 1975). Despite Kraepelin’s work, SUDs
used to be underappreciated as diseases rooted in neuropathology
(O’Brien, 2003). Indeed, prior to the third publication of the Diagnostic and
Statistical Manual (DSM), SUDs were largely conceptualized as
manifestations of underlying primary psychopathologies.

In 1952 appeared the first edition of the DSM that was based upon an
expanded nosology created by psychoanalyst William Menninger (author
of ‘Medical 203’, 1945). It conceptualized substance use disorders (i.e.,
drug addiction and alcoholism) as most commonly arising from a primary
personality disorder (DSM-I, 1952).

In 1959, not even a decade after the release of the first DSM, major
advances in the treatment of mental disorders occurred. Following WHO's
recommendations (1951), the American Medical Association (1965)
recognized the severity of alcoholism and declared it to be a medical
disorder. The DSM-II however, did only minor modifications to change the
influence of psychoanalysis and its characteristic descriptions of disorders
described in the DSM-I. Yet, it did encourage separate diagnoses for
alcoholism and drug addiction: “even when it begins as a symptomatic

expression of another disorder” (DSM-II, 1968). Three types of alcoholism
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were recognized: (a) episodic excessive drinking; (b) habitual excessive
drinking and (c) alcohol addiction. Although withdrawal was emphasized
for drug addiction, it was also recognized that dependence could occur
without withdrawal. However, medically prescribed drugs were excluded
considering that they were taken in proportion “to the medical need”
(DSM-II, 1968).

The third edition of the DSM, published in 1980, broke with psychoanalytic
tradition by instituting consensus-based diagnoses and diagnostic criteria
(Wilson, 1993). It came rapidly into widespread international use by
multiple stakeholders and has been termed a revolution or transformation
in psychiatry. The American Psychiatric Association (APA) based the
criteria, including those for SUDs, on prior work in this field (Jellinek E. M.,
1960; Feighner et al., 1972). For the first time, SUDs were seen as
autonomous diseases, diagnosed separately, and were set apart from
other mental health conditions. Two independent categories of ‘substance
abuse’ and ‘substance dependence’ were adopted. Although these
categories were not explicitly explained within the manual, it was
suggested that the former was equated with pathological use (e.g., social
or occupational consequences, including legal problems) and the latter
with physiological dependence (i.e., tolerance or withdrawal) (Spitzer et
al., 1980). However, since those criteria lacked a precise explanation,
several criticisms arose stating that the distinction between substance
abuse and dependence was made only based on the development of
physiological tolerance or withdrawal (‘drug-centered model’). In addition
to that criticism, some notable irregularities existed within the DSM-III.
Data was lacking in support of the main physiological criterion necessary
for a cannabis dependence diagnosis, i.e., “the existence and significance

of tolerance with regular heavy use of cannabis are controversial” (DSM-
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[ll, 1980)(p. 176). Furthermore, while cocaine abuse was a recognized
diagnosis, cocaine dependence was not included “since only transitory
withdrawal symptoms occur after cessation of or reduction in prolonged
use” (DSM-III, 1980) (p. 173). Such criticisms and irregularities would form
the basis for recommendations to alter these categories in the next
revision.

Thus, the APA published a revised DSM-IIl in 1987 (DSM-III-R, 1987). One
of the important changes in the DSM-III-R was that former ‘abuse’ criteria
were shifted into the ‘dependence’ category. By grouping behavioral
dysfunctions with physiological processes in a polythetic diagnostic set,
the conceptualization of the new ‘dependence category’ stood in contrast
to the earlier view that physiological symptoms were both necessary and
sufficient for a dependence diagnosis. The DSM-III-R went even further in
separating physiological dependence from the diagnosis of ‘Dependence’
explicitly stating that: “surgical patients [who] develop a tolerance to
prescribed opioids and experience withdrawal symptoms without showing
any signs of impaired control over their use of opioids are not considered
to fall in the category of Substance Dependence” (DSM-III-R, 1987;
Widiger & Smith, 2012). However, recommended changes or elimination
of the ‘abuse category’ and incorporation of elements into a newly
expanded ‘dependence category’ (Rounsaville et al., 1986) were rejected.
Only seven years later, with the attempt to overcome some significant
limitations such as differences in reliability and external validity, incorrect
assumptions about the relationship between abuse and dependence, and
the problem of ‘diagnostic orphan’ (individuals with symptoms for whom
neither diagnosis was met) (Beckson & Tucker, 2014), the APA published
the fourth edition of the DSM (DSM-1V, 1994). Earlier inconsistencies were

clarified regarding the distinction between physiological dependence and
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‘substance dependence’ by specifying that: “Neither tolerance or
withdrawal is necessary nor sufficient for a diagnosis of Substance
Dependence”, hence, specifiers such as “With” or “Without Physiological
Dependence” were added (DSM-1V, 1994). Due to these approaches in
DSM-1V, the nosology of SUDs has evolved its nature from a ‘drug-
centered’to an ‘individual-centered’ definition as the behavioral alteration
emerges as of major importance for the transition to addiction. The use of
the term ‘addiction’ was largely avoided in favor of ‘dependence’. For
individuals to be considered as drug abusers they had to fulfill at least one
out of four abuse criteria, and the endorsement of three or more out of
seven dependence criteria was required to be considered an addict.

The DSM-IV-TR made several other, rather minor revisions to the SUDs. It
was highlighted that compared to ‘substance dependence’, “the criteria
for Substance Abuse do not include tolerance, withdrawal, or a pattern of
compulsive use and instead only the harmful consequences of repeated
use” (DSM-IV-TR, 2000). Despite those changes, a positive diagnosis is
already given when the individual has met at least three criteria
independent of their nature. Moreover, the criteria were categorical and
did not distinguish in their intensity. Hence, individuals considered as
addicts did not necessarily show the same symptoms especially when the
drug of abuse differs. Consequently, the categorical diagnosis of DSM-IV-
TR did not mirror the dimensional nature of SUDs (Deroche-Gamonet &
Piazza, 2014).

A decade of work later the APA released the fifth and most recent iteration
of the DSMs in May 2013. (DSM-5, 2013). The removal of the ‘Abuse-
Dependence’ paradigm and important revisions to the diagnostic criteria
themselves represent the most dramatic changes since DSM-III. As it was

already recommended for the DSM-III-R (Rounsaville et al., 1986), and
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proposed in the influential model of a dependence syndrome published in
1976 by Edwards and Gross (Edwards & Gross, 1976), the DSM-5
conceptualizes a unitary SUD construct, varying only in terms of severity
on a continuous scale from mild (2-3 criteria endorsed), moderate (4-5
criteria endorsed) and severe (6 or more criteria endorsed) out of 11 total
criteria. The 11 criteria for substance use disorder are divided into four
categories of behavior related to impaired control, social impairment,
risky use and pharmacological indicators (tolerance and withdrawal)
(Table 1). Each specific substance (other than caffeine) is addressed as a
separate disorder (e.g., nicotine use disorder, cocaine use disorder), but
most substances are diagnosed based on the same overarching criteria.
The shift to a unified category measured along a dimension of severity
represents a notable change from the post-hoc categorical severity
specifiers in DSM-IV-TR and further cements the difference between the
now-extinct DSM diagnosis of ‘Dependence’ and the medical concept of
physiological dependence, a distinction which had been increasingly
emphasized over time. Other noteworthy changes were made in the DSM-
5, including the addition of the ‘craving criterion’, the elimination of the
‘legal problems criterion’, and the title of the chapter, which now reads
‘Substance-Related and Addictive Disorders’. Despite the use of the term
addiction in the title, the text explicitly reveals that “the word [addiction]
is omitted from the official DSM-5 substance use disorder diagnostic
terminology because of its uncertain definition and its potentially negative
connotation” (DSM-5, 2013). For the first time, the ‘substance-related and
addictive disorders’ chapter was expanded to ‘behavioral addictions’ (i.e.,
Gambling Disorder), suggesting that a behavioral addiction underlies
shared neurobiological mechanisms and that gambling disorder

symptoms resemble SUDs in some ways. Although gambling disorder is
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presently the only condition in the subsection of ‘non-substance-related
disorders’ in the category of ‘substance-related and addictive disorders’,
other conditions were considered. Notably, ‘Internet gaming disorder’ has
been included in the DSM-5 as a condition requiring further study (Petry
& O’Brien, 2013). However, internet gaming may represent just one facet
of problematic use of the internet and the potential impact of other
Internet-related behaviors (e.g., social networking, shopping,
pornography-viewing, gambling) warrants consideration (Yau et al., 2012).
Although not included in the DSM-5, several other non-substance or
behavioral addictions have been considered. Specifically, the subjects
relating to food, sex, exercise, and shopping were considered but
eventually not included as it was concluded that, “at this time there is
insufficient peer-reviewed evidence to establish the diagnostic criteria and
course descriptions needed to identify these behaviors as mental health

disorders.”(DSM-5, 2013) (p. 481).
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Table 1.
DSM-5 diagnostic criteria for substance use disorders.

A. Impaired control over substance use

1.

2.

£

The individual may take the substance in larger amounts or over a longer
period of time than was originally intended.

The individual may express a persistent desire to cut down or regulate
substance use and may report multiple unsuccessful efforts to decrease or
discontinue drug use,

The individual may spend a great amount of time obtaining or using the
substance or recavering from its effects.

Craving is manifested by the individual as an intense urge for the drug that

may occur at any time but it is more likely to happen in an environment
where the drug has been previously obtained or used.

B. Social, occupational, or recreational detriment

5.

Recurrent substance use may result in a failure to fulfil major role
obligations at work, school or home,

The individual may continue using the substance despite the appearance
of social problems caused by the effects of the substance.

Impaortant social, occupational, or recreational activities may be given up
or reduced because of substance use.

C. Risky use of the substance

8.

The individual uses the substance recurrently in physically hazardous
situations.

Substance use is cantinued despite knowledge of having a psychological
problem that is likely to have been caused by the substance.

D. Pharmacological criteria
10. A significant increase in the dose of the substance is needed to achieve the

desired effect, or the effect produced with the usual dose is markedly
reduced. This phenomenon is known as tolerance and it greatly varies
between individuals and also between substances. It is important to
consider that tolerance to different drug-induced effects could develop at
different rates.

11. The individual reports physiological signs when blood or tissue

concentrations of substance decline after a prolonged or heavy use of the
substance. This is known as withdrawal syndrome. At this point the
individual will likely consume the substance to relieve the symptoms.
Withdrawal signs and symptoms vary greatly across the different classes of
substance in part based on the effects of substance consumption.

10
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1.4 Substance use disorder: A chronic brain disease

1.4.1 Substance use disorder: A multi-step pathology

The voluntary intake of drugs of abuse is a highly preserved behavior
throughout phylogeny. In fact, most people in developed countries
experience with both licit and illicit drugs over their lifetime but only a
subset becomes addicted (Anthony et al., 1994; Nutt et al., 2007; Lopez-
Quintero et al., 2011). A field study from the early 90s among eight
thousand Americans, 15-54 years old, demonstrated that about one third
(31.4%) of tobacco smokers had developed tobacco dependence and
about 15.4% of drinkers had become alcohol dependent. Among users of
the other drugs, about 14.7% had become dependent on average. This
value, however, strongly depends on the drug of abuse. The proportion of
users becoming addicts ranges from 23.1% for heroin to 16.7% for cocaine
and only 9.1% of people that used cannabis (Anthony et al., 1994).
Although this study is rather old and applied the criteria from the DSM-III-
R to identify addicts, it clearly pointed out the development of SUD as a
multi-step pathology that progresses from simple use to addiction
throughout progressive deregulations of use (Kreek et al., 2002). The
transition to addiction consists of three phases. (1) The occasional,
controlled or social use, (2) drug abuse or harmful use, and (3) drug
addiction (Figure 2). These three phases are consecutive because entering
in one phase is necessary to shift in another, but independent because
entering in one phase is not sufficient to get to the next one (Piazza &
Deroche-Gamonet, 2013). The first phase is a nonpathological stage in
which drug use is rather sporadic, limited to recreational purposes and
occupies only a small portion of the behavioral repertoire. The second
phase is the first moderate pathological state. Here, the drug intake

changes mainly in quantitative terms. The individual’s drug use is elevated
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in terms of frequency, amount and motivation for the drug. The last phase
is the most serious pathological state in which the individual becomes fully
addicted. In contrast to the quantitative change from controlled to
harmful use, this transition is predominantly marked by a qualitative
change. The amount of the drug consumed does not necessarily change,
however, drug-taking and -seeking becomes the individual’s major goal-
directed behavior and replaces the ‘normal’ behavioral repertoire. The
addicted prone loses control over drug-seeking and -taking, and continues
using the drug despite the knowledge of adverse consequences (Koob &
Le Moal, 2008b; Piazza & Deroche-Gamonet, 2013). The act of engaging
drug-seeking after a period of drug abstinence is termed relapse and
defines addiction as a chronic relapsing disorder. Appallingly, between 40-
60% of people with SUD relapse even after prolonged abstinence which
remains the major clinical health concern (MclLellan et al., 2000). A
particularly troublesome aspect of drug addiction is that the vulnerability
to relapse persists for years even in the absence of repeated drug use.
Three main stimuli have been recognized to trigger relapse in humans : (1)
the re-exposure to the drug that originated the addiction but also to other
drugs of abuse (de Wit, 1996), (2) the presence of drug-associated
environmental cues (Carter & Tiffany, 1999), and (3) stressful situations or
negative emotional states (Shiffman et al., 1996). Craving is often seen as
the emotional state that triggers drug-seeking. However, craving in itself
has been difficult to measure in human clinical studies and does not

always correlate with relapse (Tiffany et al., 2000).
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Phases and Process of Transition to Addiction

Behavi,oral, RepertOireI Intake of drugs for their
Productive activities . psychoactive effects
Reproductive activities

Consummatory activities
Recreational Activities

b
<
ISuE -
Intensified, sustained , escalated

Mourning ‘

Pleasure Motivational ~Allostasis
Normal Sensitization ~ Habit

Learning

Escalation Prone

I Quantitative Differences Qualitative Differences
Use Prone in activity of the reward system I the reward system

Positive Activation  Acc. Dopamine TI;FC activity §  Loss °f4 IZI—D énpt’_f'g

of reward system  Hedonic set point

Figure 2. Summary of the phases and processes of transition to addiction.
(Piazza & Deroche-Gamonet, 2013). Abbreviations: Accumbens (Acc), long-term
depression (LTD), prefrontal cortex (PFC)

1.4.2 SUD: A multi-factorial pathology

Once the three different phases of SUD are established, the reasons why
a subset of individuals develops SUD but others do not still remain open.
The vulnerability to develop SUDs embraces multiple dimensions and is
influenced by a combination of environmental and genetic factors
whereby both couple with direct drug-induced effects. Importantly, these

three components are accompanied by an overarching factor that is time
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(Figure 3). Hence it is clear that the vulnerability to develop SUD is, multi-
factorial, where multiple genes together drug and environmental factors

combine to generate the disorder.
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Figure 3. Vulnerabilty factors of substance use disorder.

Addiction is a complex phenotype that is regulated by both genetic and environmental
factors. Vulnerability to substance abuse has both genetic and environmental risk factors
that act in concert to produce the phenotype, although exposure to drugs of abuse
(indicated with the red arrow) is necessary for the behavioral phenotype to emerge
(Walker & Nestler, 2018).

Environmental factors include all factors that are not of genetic nature.
Among the most important ones stress and adverse life events are found
(Koob & Le Moal, 2008a; Pefa et al., 2014). Epidemiological studies further
demonstrated that vulnerability to SUD increases as a function of lower
education, unmarried status, peer influences, chaotic home and domestic
abuse, drug availability and numerous other socio-demographic variables
(Grant et al., 2001; Crum et al., 2005; Kessler et al., 2005; Swendsen et al.,
2009). A person’s income and education can influence the type of drug of
abuse. Indeed, more than 80% of smokers live in low- and middle-income
countries (WHO, 2017). Probands with less education and with an

individual income lower than $35,000 reported higher rates of nicotine
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use. Respondents who completed at least some college education or with
an individual income equal or higher than $70,000 reported higher rates
of alcohol, cannabis or cocaine use (Lopez-Quintero et al., 2011). Indeed,
alcohol use disorders are more prevalent in high-income countries with
the highest prevalence in the European region and the region of the
Americas (WHO, 2018).

On the other hand, a large body of evidence for a robust genetic
contribution (e.g. drug-sensitivity and -metabolism) to addiction has come
from classical family, twin, and adoption studies in humans (Walker &
Nestler, 2018) Indeed, the estimated overall heritability of vulnerability to
addiction for all abused drugs is approx. 50% (Wang et al., 2012).It was
shown that siblings of ethanol-dependent individuals presented a higher
vulnerability to develop alcohol use disorder when compared to controls
(Bierut et al., 1998), and descendants of alcoholics were five times more
likely to be alcohol dependent (Midanik, 1983). Although only a few
studies focused on other drugs of abuse, it is suggested that first-degree
relatives of substance abusers have higher rates of addiction when
compared to controls (Bierut et al., 1998; Merikangas et al., 1998). This
further substantiates the importance of a genetic predisposition for the
development of SUDs and the complex multifactorial origin of this disease.
However, one drawback of all these studies is the difficulty in
distinguishing the contribution of genetic variance in individuals vs.
environmental factors. One possibility to avoid this bias is using data from
twin studies utilizing monozygotic and dizygotic twins, who presumably
share much of the same environmental influences, to quantify the
contribution of heritable factors. If the development of SUD is more
similar in monozygotic than in dizygotic twins, then genetic factors

contribute to a high extent. However, it would be a polygenetic
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component if the coherence between monozygotic twins is lower than
100%. If the outcome is similar between both types of twins, then
environmental factors contribute to the disorder. Twin studies estimate
that the heritability of alcohol use disorder ranges from 40% to 60%
(Schuckit, 2009; van der Zwaluw & Engels, 2009), and ranges from 30% to
80% for other drugs of abuse (Tsuang et al., 1996; Kendler et al., 2000,
2006; Agrawal et al., 2005; Pergadia et al., 2006). The heritability of
smoking initiation and nicotine use disorder (NUD) is estimated to be 50%
and 59%, respectively (Li & Burmeister, 2009).

As already mentioned, an individual’s vulnerability is multidimensional.
Hence, there are several risk factors including age, comorbidity with other
psychopathological conditions, gender and inter-racial differences (not
discussed) that are influenced by both environmental factors and genetics.
Indeed, the adolescence stage represents the phase of greatest
vulnerability for SUD, increasing its prevalence about six-fold when drug
on-set occurs at the age of 13 to 18 (Merikangas et al., 2010). In this period
of cortical brain development, many important cognitive and emotional
functions are still maturing which promote vulnerable phenotypes, such
as novelty- and sensation-seeking, risk-taking, mood-instability or poor
inhibitory control (Crews et al., 2007). Indeed, a dramatic maturational
process ongoing in adolescence is the prefrontal cortex (PFC)
development, including its dopamine (DA) innervation. DA axons grow
from the striatum to the prefrontal cortex, the only known case of long-
distance axon growth during adolescence (Hoops & Flores, 2017). These
axons are particularly vulnerable to environmental effects, including
recreational drug use during adolescence and are strategically localized to
profoundly influence prefrontal cortex structure and function (Hoops &

Flores, 2017) Importantly, adolescence on-set substance use is a
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significant predictor of SUDs over the lifespan (Grant & Dawson, 1998).
Thus, the age at which smoking begins can influence the total years of
smoking, the number of cigarettes smoked in adulthood, and the
likelihood of quitting. Individuals reporting any lifetime psychiatric
disorder, including mood, anxiety, conduct, personality disorder or ADHD
have higher rates of nicotine, alcohol, cannabis, and cocaine use.
Moreover, people with a family history of a SUD or having a diagnosis of a
SUD possess a higher vulnerability to develop drug addiction (Lopez-
Quintero et al., 2011). Furthermore, there are significant gender
differences in the past 12-month prevalence of alcohol use disorders. In
2016, an estimated 2.3 million deaths and 106.5 million DALYs were
attributable to the consumption of alcohol among men whereby women
experienced 0.7 million deaths and 26.1 million DALYs attributable to
alcohol consumption. Globally an estimated 237 million men and 46
million women have alcohol use disorders (WHO, 2018). The genetic
contribution for nicotine varies between 60% for men and 51% for women
in the United States whereas in an Australian sample heritability estimates
were 33% in men, but 67% in women (Heath et al., 1993). Males are less
likely to transition from nicotine use to NUD than females, and more likely
to transition from alcohol and cannabis use to SUD (Lopez-Quintero et al.,
2011).

Interestingly, evidence suggests that earlier stages of drug use are
seemingly influenced to a greater extent by environmental factors
whereas genetic factors play a greater role in the severity of substance
abuse (Midanik, 1983; Tsuang et al., 1996; Kendler & Prescott, 1998; Rhee
et al., 2003; Vink et al., 2005; Fowler et al., 2007), highlighting the multi-

factorial nature of the addiction phenotype.
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The overarching risk factor that accompanies all vulnerability factors is
time (Figure 4). Indeed, the probability of transition to addiction is very
small after the first year of substance use onset (2.0% for nicotine, alcohol
and cannabis users and 7.1% for cocaine users). The probability estimates
of transition to addiction a decade after use onset are already moderate
(15.6% among nicotine users, 14.8% among cocaine users, 11.0% among
alcohol users, and 5.9% among cannabis users) that is consistent with
other field studies (Anthony et al., 1994; Nutt et al., 2007). However,
lifetime cumulative probability estimates indicated that 67.5% of nicotine
users, 22.7% of alcohol users, 20.9% of cocaine users, and 8.9% of
cannabis users would develop SUD on those substances at some time in

their life (Lopez-Quintero et al., 2011).
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Figure 4. Cumulative probability of transitioning to dependence on nicotine, alcohol,
cannabis and cocaine among users of these substances.
(Lopez-Quintero et al., 2011).
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1.4.3 Substance use disorder: A multi-faceted pathology

The above-discussed time-dependent individual vulnerability interacts
with the direct pharmacokinetic and -dynamic effects of drugs of abuse.
Although almost all drugs of abuse are known to target common
neurobiological substrates (Nestler, 2005), the mechanisms by which
every drug acts on its substrates differs, and hence leads to specific
neurobiological effects that are translated into specific pathological
behaviors (Cami & Farré, 2003). For instance, cocaine addicts show mainly
behavioral criteria whereas heroin and alcohol addicts also show
pharmacological symptoms. Individuals addicted to alcohol often show
daily episodes or elongated days of heavy drinking, whereas smokers
present a highly titrated intake of nicotine just during their waking hours.
Similarly, abstinence in alcoholics and heroin addicts induces a severe
somatic and emotional withdrawal syndrome, whereas cocaine
abstinence is predominantly characterized by negative emotional states
such as dysphoria, irritability and intense craving. These behavioral
differences observed mainly occur due to the distinct pharmacological
properties of different drugs of abuse (Cami & Farré, 2003). Besides, the
abuse potential largely depends on the pharmacokinetic and
physicochemical properties of a drug (Cami & Farré, 2003). Water
solubility facilitates the injection of a drug, whereas liposolubility
increases the passage through the blood-brain barrier. Volatility favors the
inhalation of drugs in vapor form, and heat resistance favors smoking of
the drug (Farré & Cami, 1991). Rapid onset and intensity of effect increase
the abuse potential (Mumford et al., 1995; Roset et al., 2001), and drugs
that quickly reach high brain concentrations have usually a higher abuse
potential. Accordingly, smoking crack cocaine is more addictive than the

intranasal administration of cocaine (Hatsukami & Fischman, 1996; Farré

19



Introduction

et al., 1998). Finally, the biologic half-life of the drug is also directly related
to its potential for abuse. Therefore, high self-administration rates and
early emergence of withdrawal symptoms have been observed in drugs
with a rapid clearance rate. Heroin, for example, produces more abrupt
and intense withdrawal syndromes than methadone does (Cami & Farré,

2003).
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2 Behavioral models of addiction

Whereas clinical research in human addicts has been helpful to elucidate
the extent, demographics, and severity of SUD, much of the recent
progress in understanding the neurobiology of addiction has derived from
the results obtained in a variety of increasingly sophisticated animal
models. The validity of animal models is assessed by three criteria, the
face-, construct- and predictive-validity (Sanchis-Segura & Spanagel,
2006). Face validity means that a model recapitulates important
anatomical, biochemical, neuropathological, or behavioral features of the
human disease. Construct- or etiologic-validity refers to the disease
relevance of the methods by which a model is constructed. In the ideal
situation, researchers would achieve construct validity by recreating in an
animal the etiologic processes that cause the disease in humans and thus
replicate neural and behavioral features of the illness. Predictive- or
pharmacological-validity signifies that a model responds to treatments in
a way that predicts the effects of those treatments in humans (Nestler &
Hyman, 2010). Although no animal model of addiction totally emulates the
human condition, critical features of the process of drug addiction can be
reliably measured in animal studies, including the intracranial electric self-
stimulation paradigms, the place conditioning methods as well as the self-
administration techniques, among others (Sanchis-Segura & Spanagel,
2006). These models were predominantly used to assess the
neurobiological substrates underlying the hallmarks of early stages of
addiction such as the reinforcing effects of drugs of abuse and, in some
cases, the aversive aspects of drug withdrawal. However, more recent
studies have been adapted their design to study the neurobiological
substrates that underly characteristics of full developed addiction,

including the loss of control over drug intake (Ahmed & Koob, 1998),
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continuing drug use despite adverse consequences (Deroche-Gamonet et
al., 2004), and the relapse to drug-seeking and -taking after protracted

abstinence (Shaham et al., 2003).

2.1 Intracranial electric self-stimulation

Early work using the intracranial electric self-stimulation (ICSS) paradigm
was fundamental for the identification of the brain reward circuitry (Olds
& Milner, 1954). Although reward self-stimulation involves widespread
brain circuits, the most sensitive sites involve the trajectory of the medial
forebrain bundle that connects the ventral tegmental area (VTA) to the
basal forebrain (Olds & Milner, 1954). In the ICSS procedure, animals self-
stimulate reward-related brain areas by lever-pressing or nose-poking,
due to intracranial electrodes that were implanted into reward-related
brain areas prior to the experiment. During the first sessions, the threshold
of the minimum current needed to promote intracranial self-stimulation
is estimated. Once a stable baseline is established, a rewarding such as
drugs of abuse decrease the self-stimulation threshold, whereas aversive
drugs or stimuli, such as drug withdrawal, elevate the threshold for self-
stimulation (Figure 5) (Markou et al., 1993). Thus, ICSS methods are useful
to investigate drug reward and withdrawal but have not been used as

animal models of reinstatement of drug-seeking behavior.
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Figure 5. Intracranial self-stimulation paradigm.
(adapted from Sanchis-Segura and Spanagel, 2006).

2.2 Conditioned place preference and aversion

In the place conditioning models, animals are exposed to an apparatus
generally consisting of two initially neutral environments that can differ in
characteristics, such as color, texture, odor, and lighting (Bardo & Bevins,
2000). The experimental procedure is divided into three consecutive
phases (Figure 6). Animals are first allowed to freely explore both
environments whereby the time spent in each compartment is recorded.
In the conditioning phase, animals are administered with the drug of
abuse and exposed to one specific environment. In contrast, the other
compartment is paired with vehicle pretreatment. After several
conditioning sessions, the initially neutral compartment is then associated
with the drug of abuse and acts now as a drug-associated stimulus. On the
test day, animals (usually in a drug-free state) have free access to both
compartments and the preference/avoidance for one of the two
environments is evaluated. A drug with rewarding properties will typically
induce place preference (positive score), whereas a drug with aversive

effects or withdrawal from chronic drug administration will mainly

23



Introduction

produce place aversion (negative score). Although drug consumption in
humans can induce conditioned approach/avoidance to specific drug-
related stimuli, conditioned place preference (CPP) and conditioned place
aversion (CPA) are not intended to model any particular feature of human
behavior (Sanchis-Segura & Spanagel, 2006)(Sanchis-Segura and Spanagel,
2006). CPP and CPA are mainly used as an indirect measure of the
rewarding or aversive effects of a drug. Two variables with different
implications are usually analyzed using this paradigm: the acquisition and
the expression of place preference. The acquisition phase has been
proposed to be mainly related to learning and memory mechanisms,
whereas the expression phase would be more linked to incentive
motivation, memory recall or sign tracking. More recently, CPP models
have been modified to test reinstatement procedures as well (Aguilar et
al., 2009). Reinstatement studies usually involve an extinction phase after
the acquisition period. In the extinction phase, the animals are exposed to
the previously drug-paired context while in a drug-free state (Aguilar et
al., 2009). Using this model, an extinguished CPP has been shown to be
robustly reinstated by a non- contingent administration of a drug or by
exposure to stressful stimuli (Aguilar et al., 2009). However, some of the
effects obtained in the place conditioning paradigms may reflect state-
dependent learning due to discriminative properties of the test drug
rather than rewarding effects (Tzschentke, 2007), which represents a
limitation for the interpretation of the reinstatement models based on

these paradigms.
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HABITUATION

Figure 6. Conditioned place preference paradigm.
(adapted from Sanchis-Segura and Spanagel, 2006).

2.3 Operant self-administration

Operant self-administration is the gold standard in addiction research in
rodents. Indeed, drugs that are self-administered by animals correspond
well with those that have high abuse potential in humans (Collins et al.,
1984) and it is thought to be the behavioral model with the highest
predictive validity (O’Connor et al., 2011). It bears a close resemblance to
human drug-taking, involves similar forms of conditioning and learning
(Maldonado, 2002), and the neural chemistry and anatomical substrates
underlying drug self-administration are assumed to be similar in these
animal models and in human addicts (Sanchis-Segura & Spanagel, 2006).

Another advantage of this technique is that the experimenter intervention
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is minimal. Consequently, this technique is widely used in preclinical
research and seems to be adequate for identifying common neural
mechanisms and developing useful strategies for the treatment of SUD
(Sanchis-Segura & Spanagel, 2006). In operant self-administration
procedures, the operant chamber consists of two manipulandi that are
typically levers or nose-pokes, and devices that deliver the reinforcer
(Figure 7). The reinforcer can be delivered by different routes of
administration according to the drug of study, including, intravenous,
intracranial, intragastric and oral delivery. Typically, alcohol and food
studies use oral self-administration, whereas intravenous self-
administration is widely used to determine the reinforcing properties of
most drugs of abuse, including opioids, psychostimulants, cannabinoids,
and nicotine. For intravenous drug self-administration studies, animals are
implanted with an intravenous catheter and are trained to self-administer
the drug for various days in an operant box. The manipulandi transmit the
operant responses and are randomly divided into ‘active’ and ‘inactive’. A
response in the inactive manipulandum lacks any programmed
consequences, but will provide important control procedures for non-
specific motor and motivational actions, such as modifications in
exploratory activity and locomotion (Sanchis-Segura & Spanagel, 2006;
Thomsen & Caine, 2007). A response in the active manipulandum is linked
to the delivery of the drug. Moreover, the active manipulandum can be
paired with other stimuli (e.g. light or tone), which improves the learning

of the operant behavior and are often used as a drug-associated cue.

2.3.1 Fixed and progressive ratio schedule of reinforcement
Positive reinforcement is the obtainment of a reward by fulfilling a

behavioral task. Commonly used schedules of reinforcement are either
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fixed or progressive (Johanson, 1978; Spealman & Goldberg, 1978; Katz,
1989). In a fixed ratio (FR) schedule of reinforcement, the animal receives
the drug when a preselected number of active lever presses or nose-pokes
is fulfilled. Rodents on a simple schedule of continuous reinforcement,
such as FR1 (one lever-press or nose poke delivers one drug infusion) will
develop a highly stable pattern of drug self-administration in a limited
access situation (Maldonado et al., 1993). The use of different schedules
of reinforcement in intravenous self-administration provides information
about the reinforcing strength of the drug.

Under a progressive ratio (PR) schedule of reinforcement, the active
responses required to obtain the reinforcer escalate following an
arithmetic progression (Figure 7). The highest response rate accomplished
to obtain a reinforcement is called ‘breakpoint’ and is thought to be a
reliable measurement of the motivation of an animal to obtain the
reinforcer (Richardson & Roberts, 1996).

OPERANT SELF-ADMINISTRATION (PROGRESSIVE RATIO SCHEDULE.)
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Figure 7. Drug self-administration paradigm.
Animation of a fixed (left panel) and progressive ratio (right panel) schedule in operant
behavior. (Sanchis-Segura & Spanagel, 2006; Martin-Garcia et al., 2014)
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2.3.2 The yoked control procedure

The yoked control procedure is a research design used in operant
conditioning experiments in which matched research subjects are yoked
(joined together) by receiving the same reinforcement but with different
contingencies (Salkind, 2010). In other words, the yoked control animal
receives the same amount of reward at the same time, although, there is
no contingency between its responding and the reward delivery. Only the
experimental animal can accomplish rewards by active responding. The
utility of this procedure is to disentangle goal-directed behavior to obtain
a reward and unspecific responding due to drug effects. Hence, the
response rate of an experimental animal will be higher if the response-
reward contingency is contributing to the observed response rate. In more
recent operant conditioning procedures, one experimental animal is
usually linked to two yoked control animals (Figure 8). One that receives
the same reward as the experimental animal (yoked drug) and another
that receives only the vehicle (yoked vehicle). This experimental design
allows to further distinguish between neurobiological changes caused by
the pharmacological properties of the drug of abuse (yoked drug vs. yoked
vehicle) and modifications induced by behavioral repertoires such as goal-
directed or motivated behaviors, reward-conditioning and the
reinstatement of drug-seeking behavior (experimental animal vs. yoked

drug) (Martin et al., 2006; Gipson et al., 2013; Guegan et al., 2013).
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Master-yoked paradigm

Contingent administration

Figure 8. Animation of the yoked-control procedure.

2.3.3 Reinstatement model of drug relapse

Most animal studies on drug relapse are based on reinstatement models
(Davis & Smith, n.d.; Shaham et al., 2003; Epstein et al., 2006), whereby
reinstatement refers to the recovery of a learned response that occurs
when a subject is exposed to some particular stimuli after the extinction
of such a response (Bouton & Swartzentruber, 1991). The main strength
of this method is that reinstatement in laboratory animals is induced by
the same three conditions reported to provoke relapse in humans.

Accordingly, craving and relapse to drug-taking and -seeking in human
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addicts are mainly triggered by the re-exposure to the drug of abuse (de
Wit, 1996), stressful situations (Shiffman et al., 1996) and drug-associated
cues (Carter & Tiffany, 1999).

The reinstatement model of relapse is divided into three experimental
phases (Figure 9) (Shalev et al., 2002; Shaham et al., 2003). First, animals
are trained to acquire and maintain drug self-administration in operant
conditioning chambers. During the self-administration phase, a stimulus-
reward association is established. Second, operant behavior is
extinguished. Extinction testing sessions are identical to training sessions
except that operant responses result in no programmed consequences,
which means that no drug is delivered or is substituted by saline (Yan &
Nabeshima, 2009). This might initially lead to a burst of responses
(depending on the drug), but over the course of this extinction phase
responding will gradually decrease (De Vries & Schoffelmeer, 2005).
Extinction procedures can provide measures of the motivational
properties of drugs by assessing the persistence of drug seeking-behavior
in the absence of response-contingent drug availability. Measures
provided by an extinction paradigm reflect the degree of resistance to
extinction, including the duration of extinction responding, and the total
number of responses emitted during the entire extinction session.
Resistance to extinction and high responding rates on the active
manipulandum (especially at the beginning of extinction phase) are
related with high motivation to seek the drug. Although the possible
mechanisms underlying the resistance to extinction in mice remain
unclear (Yan & Nabeshima, 2009), the resistance to extinction in mice is
similar to the case in human addicts (Childress et al., 1993; Gilpin et al.,
1997; McKay et al., 2001). After the extinction of drug-reinforced

behavior, reinstatement of drug-seeking behavior can be determined (Yan
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& Nabeshima, 2009). It has been reported that non-contingent drug
injections administered after extinction can induce reinstatement of drug-
seeking in cocaine-, heroin-, ethanol- and nicotine-trained animals
(Chiamulera et al., 1996; Lé et al., 1998; Self & Nestler, 1998).

Animal models of stress-induced reinstatement elicit a strong recovery of
extinguished drug-seeking behavior in the absence of further drug
availability (Ahmed & Koob, 1997; Shaham et al., 2003; Yan & Nabeshima,
2009). Stress-induced reinstatement of drug-seeking is been realized by
intermittent foot shock stimuli, restraint stress, pharmacological agents
that induce stress (e.g. yohimbine), or food deprivation (Shalev et al.,
2010). Stress-induced reinstatement has been reported in cocaine-,
heroin-, ethanol-, food- and nicotine-trained animals (Erb et al., 1996;
Shaham, 1996; Ahmed & Koob, 1997; Plaza-Zabala et al., 2012).

On the other hand, drug-associated cues can be defined as neutral
motivational stimuli, which acquire motivational properties through
associations with a primary reinforcer. In this paradigm, responses on the
active lever in the acquisition phase result in a drug infusion paired with
the presentation of a brief stimulus (light or tone). Thus, drug-associated
stimuli can elicit drug-seeking behavior in experimental animals.
Subsequent re-exposure to a drug-associated stimulus after extinction
produces a strong recovery of responding at the active manipulandum in
the absence of any further drug availability (Yan & Nabeshima, 2009). Cue-
induced effect on reinstatement has been reported in cocaine-, heroin-,
ethanol-, nicotine-, cannabinoid- and food-trained animals (De Vries &
Schoffelmeer, 2005; Soria et al., 2008; Martin-Garcia et al., 2009, 2011).
In addition, contextual stimuli have also been applied to induce
reinstatement. Under these situations, rodents are first trained to self-

administer the drug in a context with specific cues that reveals the

31



Introduction

availability of the reinforcer, and the operant behavior is extinguished in a
different context that contains other specific cues. The re-exposure of the

animal to the drug-paired context reinstates drug-seeking behavior

(Crombag et al., 2008).
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Figure 9. Animation of cue-induced reinstatement of drug-seeking behavior.
(De Vries & Schoffelmeer, 2005)
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3 The mesocorticolimbic pathway

The mesocorticolimbic system (Figure 10) is defined as the neural pathway
that connects the ventral tegmental area (VTA) with two principal targets,
the nucleus accumbens (NAc) and the medial prefrontal cortex (mPFC).
This neuronal pathway is responsible for evaluating and integrating the
environmental and emotional stimuli that lead to the appropriate
activation of motor patterns supporting different types of motivated
behaviors (Pistillo et al., 2015). It is suggested that DA transmission
critically contributes to the codification of the motivational value and
salience of a given stimulus and facilitates reward-induced learning that
further promotes recurrent drug-taking (Cardinal & Everitt, 2004; Wise,
2004; Bromberg-Martin & Hikosaka, 2011). However, the differential
activation of y-aminobutyric acid (GABA)ergic, glutamatergic and
cholinergic signaling modulates DA signaling and provides crucial
biological substrates for motivated behaviors. DAergic, GABAergic,
glutamatergic and cholinergic signaling converge in and are integrated by
medium spiny neurons (MSNs) in the NAc, which in turn activate and/or
inhibit specific motor patterns. (Markou, 2008; D’Souza & Markou, 2013;
Koob & Volkow, 2016). Furthermore, additional brain areas that are
interconnected with the mesocorticolimbic pathway play also essential
roles in the acute and chronic effects of drugs of abuse. These areas
include the caudate putamen, amygdala (AMG) and related structures of
the so-called ‘extended-amygdala’ (which comprise the central nucleus of
the amygdala (CeA), the bed nucleus of the stria terminalis (BNST) and a
transition zone in the medial (shell) subregion of the NAc), (not shown),
the laterodorsal tegmentum (LDTg), the lateral habenula (LHb), the
mediodorsal thalamus (MDT), the rostromedial tegmentum (RMTg), the

subthalamic nucleus (not shown), the ventral hippocampus (VvHPC) (not
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shown), and the ventral pallidum (VP) (not shown) (Figure 10) (Cooper et
al., 2017). Research over the last years using opto- and chemogenetics in
transgenic mice, neural tracing tools and electrophysiological studies
made clear that the canonical models for mesocortical signaling and its
subsequent role in SUD are oversimplified (Pistillo et al., 2015; Cooper et
al., 2017; Kupchik & Kalivas, 2017; Klawonn & Malenka, 2019). Therefore,
new perspectives of the reward system that will guide future treatment

strategies for SUD and other related mental health disorders are required.

Glutamate
®—¢ Dopamine
»={ Dopamine**“*

@=<¢ Dopamine

Figure 10. A simplified diagram of the main connections to and from the
mesocorticolimbic system, in a sagittal section of rodent brain.

Glutamatergic, dopaminergic, cholinergic and GABAergic projections are in blue, green,
yellow and red, respectively (Pistillo et al., 2015). Abbreviations: laterodorsal tegmentum
(LDTg), the rostromedial tegmentum (RMTg), anterior-lateral ventral tegmental area
(aVTA), posterior-medial ventral tegmental area (pVTA)

3.1 The ventral tegmental area

The VTA is located in the ventral midbrain and can be divided into two
principal subregions, the anterior-lateral ventral tegmental area (aVTA)
and the posterior-medial ventral tegmental area (pVTA), and a further
subregion called the tail of the VTA or rostromedial tegmental nucleus

(RMTg) (Pistillo et al., 2015).
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The VTA comprises two main cellular populations, the DAergic and the
GABAergic neurons (Johnson & North, 1992a). DA neurons are
characterized by the presence of the DA-synthesizing enzyme tyrosine
hydroxylase (TH), account for 60-65% of all VTA cells and are present in
both subregions of the VTA. GABAergic interneurons and projection
neurons account for 30-35% and express the GABA-synthesizing enzyme
glutamic acid decarboxylase (GAD) (Swanson, 1982; Nair-Roberts et al.,
2008).

Nevertheless, the two-cell type canonical model of the VTA is actually
more complex. GABAergic neurons are divided into projection neurons
and interneurons. The projection neurons send inhibitory inputs to the
NAc, PFC and the lateral habenula (LHb) (Van Zessen et al., 2012;
Stamatakis et al., 2013). GABAergic interneurons contact and tonically
inhibit DA neurons within the VTA (Johnson & North, 1992b; Carr & Sesack,
2000; Margolis et al., 2012). Furthermore, there are some DA-GABA hybrid
neurons that express both TH and the GAD65 isoform. GABA is loaded into
synaptic vesicles by the DA vesicular transporter VMAT2 and co-released
in the synapses together with DA (Tritsch & Sabatini, 2012). Another
subpopulation of VTA DA neurons expresses the vesicular glutamate
transporter vGluT2 and their stimulation leads to the appearance of
glutamatergic excitatory postsynaptic currents in MSNs of the NAc
(Chuhma et al., 2004) and pyramidal neurons of the mPFC (Lavin et al.,
2005; Gorelova et al., 2012). In addition, there is also a small portion of
neurons in the VTA (2-9%) that express vGLUT2 mRNA but neither TH or
GAD mRNA (Yamaguchi et al., 2007; Nair-Roberts et al., 2008; Taylor et al.,
2014), suggesting a subpopulation of glutamatergic neurons in the VTA.
The 2 most extensively studied VTA DA neuron subtypes to date are those

that project to the ventral striatum (mesolimbic) and the mPFC
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(mesocortical), yet, there are additional projection sites, including the
AMG, the hippocampus (HPC) and the BNST. Interestingly, distinct VTA
circuits generate reward or aversion. Indeed, VTA DA neurons are by no
means a homogenous population, but sub-serve contrasting functions in
the motivational control through connections with distinct circuits.
Accordingly, a rewarding stimulus (e.g. cocaine) selectively modulates
excitatory inputs to mesolimbic VTA DA neurons. In contrast, an aversive
stimulus (e.g. hind paw formalin injection) selectively modulates synaptic
inputs onto mesocortical VTA DA neurons (Lammel et al., 2011).

VTA neurons receive GABAergic glutamatergic and cholinergic inputs from
various brain areas. The main GABAergic transmission originates from the
NAc, RMTg, and GABAergic interneurons, among others. These
projections make up at least 70% of the synaptic input onto DA neurons
(Kalivas et al., 1993; Charara et al., 1996; Omelchenko & Sesack, 2005;
Tepper et al., 2007; Watabe-Uchida et al., 2012). The remaining 30% are
glutamatergic inputs from the mPFC (see section 3.3), LTDg, LHb, AMG
(not shown) and lateral hypothalamus (not shown), and cholinergic inputs
deriving from the LTDg and the pedunculopontine tegmental nucleus (not
shown) (Figure 11) (Pistillo et al., 2015).

Tonic GABA input is sufficient to suppress burst firing even with excitatory
inputs intact (Lobb et al, 2010; Jalabert et al.,, 2011). Optogenetic
inactivation of GABA releasing neurons within the VTA was shown to be
reinforcing while activation was aversive. Local GABAergic transmission,
but not projection neurons to the NAc, is thought to modulate this effect.
Indeed, activation of GABA VTA neurons led to decreased DA release in
the NAc and reward behavior, whereby terminal activation of GABA
neurons projecting to the NAc increased only GABAergic signaling in the

NAc but failed to alter reward behavior (Tan et al., 2012; Van Zessen et al.,
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2012). Furthermore, local GABA neurons were shown to increase their
firing in response to aversive stimuli (Tan et al., 2012). In agreement,
activation of GABA neurons disrupted reward behavior and reduced
excitability of VTA DA neurons in vitro and in vivo (Van Zessen et al., 2012).
Excitatory inputs into the VTA can generate, as previously explained,
either reward or aversion depending on the activation of mesolimbic (see
section 3.2) or mesocortical (see section 3.3) VTA circuits, respectively.
Activation of glutamatergic and cholinergic excitatory neurons in the LDTg,
which preferentially synapse onto aVTA DA neurons that project to the
NAc lateral shell, increased reward behavior (Omelchenko & Sesack, 2005;
Lammel et al., 2012). In contrast, activation of the LHb, a brain area that is
in control of inhibiting DA cell activity in response to the absence of
expected rewards (Omelchenko et al., 2009), induced aversive behavior
(Lammel et al., 2012). Indeed, glutamatergic neurons from the LHb
activate mesocortical VTA DA neurons and inhibit mesolimbic DA neurons
indirectly by activating GABAergic neurons in the RMTg (Lammel et al.,
2012). Interestingly, this inhibitory pathway can be suppressed by a
relatively restricted cell population of GABA-DA hybrid neurons of the
aVTA. These neurons were shown to release only GABA-mediated
inhibitory synaptic transmission but no detectable DA (Stamatakis et al.,
2013). Thus, activation of this pathway suppressed the firing of
postsynaptic LHb neurons, which in turn enhanced the spontaneous firing
of VTA DA neurons in vivo and produced reward-related behavior
(Stamatakis et al., 2013). Hence, it is suggested that inhibitory signaling by
these hybrid DA-GABAergic neurons act to suppress LHb output under

rewarding conditions.
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O Reward-predicting stimuli/ Unpredicted rewards
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Figure 11. lllustration of major inputs and outputs to and from the VTA.

Activation and inhibtion of mesolimbic and mesocortical VTA DA neurons. For a detailed
description see text above.

Abbreviations: y-aminobutyric acid (GABA), anterior-lateral ventral tegmental area
(aVTA), dopamine (DA), glutamate (Glu), glutamic acid decarboxylase 65 (GAD65),
laterodorsal tegmentum (LTDg), Lateral habenula (LHb), medial prefrontal cortex (mPFC),
nucleus accumbens (NAc), posterior-medial ventral tegmental area (pVTA), rostromedial
tegmentum (RMTg), vesicular glutamate transporter 2 (vGlut2),

3.2 The striatum

The striatum is the largest structure of the basal ganglia. It is a critical
component of motor and reward systems and coordinates multiple
aspects of cognition, including both motor and action planning, decision-

making, motivation, reinforcement, and reward perception (Ferré et al.,
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2010; Taylor et al., 2013; Yager et al., 2015). The striatum is a highly
heterogeneous brain area with cell-specific and region-specific differences
(Cachope & Cheer, 2014; Yang et al., 2018). It comprises a dorsal and a
ventral portion. The dorsal striatum takes part in the nigrostriatal pathway
but receives also inputs from cortical areas, including the orbital frontal
cortex. The latter pathway was recently shown to drive compulsive
reinforcement (Pascoli et al., 2018).

The ventral portion of the striatum is a key node of the mesocorticolimbic
pathway (Volkow et al. 2017) and contains different subdivisions known
as the core, and the lateral and medial shell, which have different
anatomical connectivity and functions (Pistillo et al., 2015; Yang et al.,
2018). MSNs are the principal neuronal population in the NAc. They
represent 95% of the nerve cells and are expressed in all three sub-
divisions. The remaining 5% consist of a very heterogeneous population of
interneurons, including tonically active cholinergic interneurons neurons
(CINs) and GABAergic interneurons (Tepper & Bolam, 2004).

MSNs are GABAergic projection neurons that can be divided into two
classes defined by their expression of either D1- or D2- like DA receptors
(Gerfen et al., 1990; Gerfen & Surmeier, 2011). D1 and D2 MSNs in the
dorsal striatum are thought to have separate projections, with D1 MSNs
constituting the direct pathway leading to an increasing thalamocortical
drive, and D2 MSNs forming the indirect pathway that leads to a
depression of thalamocortical activity. However, recent experiments
showed that NAc MSNs do not necessarily follow the canonical model for
the dorsal striatum. D1-MSNs comprise a significant portion of the
classical indirect pathway by synapsing on VP neurons that project to the
VTA (Kupchik et al., 2015). On the other hand, D2-MSNs target VP neurons

that innervate the thalamus directly. Thus, these D2-MSNs make a direct
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pathway through the VP that disinhibits the thalamus (Cazorla et al., 2013;
Saunders et al., 2015). Curiously, some 15% of VP cells project to both the
ventral mesencephalon and the thalamus (Tripathi et al., 2013),
converging the direct and indirect pathway on the same neurons (Figure
12).
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Figure 12. Canonical and novel concepts of the direct and indirect pathways of the
nucleus accumbens.
(Kupchik & Kalivas, 2017). Abbreviations: Medium spiny neurons (MSNs)

In addition to this cellular heterogeneity, there is also a regional
heterogeneity among the NAc core, and lateral and medial shell with
distinct drug-associated behaviors and plasticity (Saddoris et al., 2013).
MSNs in the NAc core appear to be critical for assigning a motivational
value to discrete stimuli associated with reward or aversion, particularly
updating these values as circumstances change. In contrast, MSNs in the
NAc shell drive behavioral responses to repeated exposure to rewarding

experiences, such as chronic drug administration (Meredith et al., 2008).
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Furthermore, D1 MSNs in the NAc lateral shell mainly synapse onto VTA
GABA neurons in the aVTA, resulting in a disinhibition of DA neurons that
project back to the NAc lateral shell. In contrast, D1-MSNs in the medial
shell subdivision generate direct inhibitory control over mesolimbic DA

neurons in the lateral and medial VTA (Figure 13) (Yang et al., 2018).
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Figure 13. Wiring diagram illustrating direct and indirect feedback loops in the
mesolimbic DA system.

(Yang et al., 2018). Abbreviations: y-aminobutyric acid (GABA), dopamine (DA), medial
nucleus accumbens shell (NacMed), medial ventral tegmental area (mVTA), lateral
nucleus accumbens shell (NacLat), lateral ventral tegmental area (IVTA),

In the NAg, it is indispensable to mention accumbal DA transmission that
is thought to be responsible for the pleasurable effects of drugs of abuse
and natural rewards. Indeed, all classes of drugs of abuse increase levels
of extracellular dopamine in the NAc, despite their marked differences in
cellular targets (Di Chiara & Imperato, 1988; Nestler, 2005). The role of D2
receptors is still contradictory. It was shown that the lack of D2 DA

receptors blunted the rewarding effects of opioids (Maldonado et al.,
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1997). In contrast, other studies showed that DA stimulation of high-
affinity D2 receptors is not enough for drug reward (Caine et al., 2002;
Norman et al., 2011) and that these receptors might even limit drug
reward (Durieux et al., 2009). The activation of low-affinity D1 receptors
is necessary for the rewarding effects of drugs (Caine et al., 2007) and for
triggering conditioned responses (Zweifel et al., 2009), concluding that
only phasic DA transmission causes reward. In accordance with these
experiments, positron emission tomography studies in humans have
shown that fast and steep release of DA into the ventral striatum is
associated with the subjective sensation of the so-called high (Volkow et
al., 2003).

Besides DA signaling, the NAc receives a large amount of glutamatergic
input from a variety of limbic and cortical regions, some of the most
notable being mPFC, vHPC, and BLA (Sesack & Grace, 2010; Floresco,
2015). Recent studies exhibited that optogenetic activation of the
mentioned inputs to the NAc is reinforcing (Stuber et al., 2011, 2012; Otis
et al., 2017) These findings could suggest that any excitatory input to the
NAc is reinforcing regardless of the different behavioral roles of the brain
areas providing the inputs. However, Zhu et al. recently reported that
activation of glutamatergic inputs from the paraventricular nucleus of the
thalamus causes aversion and that these inputs, like the PFC, vHPC, and
BLA inputs, appear to synapse on both NAc D1 and D2 MSNs (Figure 14)
(zhu et al., 2016).
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Figure 14. lllustration of major inputs and outputs to and from the NAc.

The NAc receives inputs from cortical, allocortical, thalamic, midbrain, and brainstem
structures. In turn, it sends projections to other basal ganglia nuclei, nuclei in the
mesencephalon, the hypothalamus, and the extended amygdala. Note that many
structures project from different subareas to the NAcore or NAshell. For clarity, these
projections have been color coded as projecting to the NAcore (green), medial
NAshell (light blue), or lateral NAshell (dark blue); in reality, many regions project to
both the NAcore and NAshell along topographical gradients (e.g., dorsoventral
projections from the hippocampus terminating from lateral to medial parts of the
accumbens; shown as color gradients in the figure). A number of regions project
uniformly throughout the accumbens and are marked white (Scofield et al., 2016).
Abbreviations: retrorubral area (A8), anterior cingulate cortex (ACC), dorsal anterior
insular (Ald), ventral anterior insular (Alv), dorsal hippocampus (dHPC), dorsolateral
ventral pallidum (dIVP), dorsal raphe nucleus (DRN), infralimbic cortex (IL),
interlaminar nuclei of the thalamus (ILT), locus coeruleus (LC), lateral hypothalamus
(LH), lateral preoptic area (LPO), nucleus of the solitary tract (NTS), prelimbic cortex
(PL), pedunculopontine nucleus (PPN), paraventricular nucleus of the thalamus
(PVT), ventrolateral ventral pallidum (vIVP), ventromedial ventral pallidum(vmVP),
substantia nigra pars compacta (SNc), substantia nigra pars reticulata (SNpr).
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In contrast to striatal DAergic and glutamatergic activity, which originates
mainly from inputs to the striatum, sources of striatal ACh release are
mostly from CINs that account for about 2-5% of all striatal neurons
(Descarries et al., 1997; Descarries & Mechawar, 2000). CINs preferentially
synapse with MSNs and other CINs (Graybiel et al., 1994; Morris et al.,
2004) but also activate neuroglia-form cells (NGF) interneurons (Figure
15A). The role of CINs in the NAc is to modulate the sub- and supra-
threshold responses of MSNs to cortical and/or thalamic excitation,
particularly in reward-related activities (Tepper & Bolam, 2004). They
express both the vesicular acetylcholine transporter (vVAChT) and distinct
vesicular glutamate transporter 3 (vGluT3), and are able to store and
release both acetylcholine (ACh) and glutamate (Higley et al., 2011; Nelson
et al., 2014). In accordance, the stimulation of CINs led to glutamatergic
excitatory postsynaptic currents in MSNs, which could be elicited by either
ACh and glutamate co-release or ACh release that stimulates the adjacent
DA terminals that co-release glutamate (Higley et al., 2011; Lenz & Lobo,
2013). Indeed, CINs critically modulate local DA release in the NAc (see
section 4.2.2) (Exley & Cragg, 2008; Cachope & Cheer, 2014; Kosillo et al.,
2016; Mateo et al., 2017).

GABAergic interneurons comprise an additional type of interneurons. In
contrast to the homogenous population of CINs, different GABAergic
interneuronal classes have been identified in the NAc (Figure 15A). Striatal
GABAergic interneurons fall into two main categories according to their
electrophysiological properties. The fast-spiking interneurons (FSls) and
the persistent and low-threshold spike (PLTSs) interneurons (Kawaguchi,
1993). Neurochemically, FSls express the calcium-binding protein
parvalbumin, whereas PLTS interneurons express neuropeptides such as

somatostatin (SOM), neuropeptide Y (NPY), and the enzyme nitric oxide

44



Introduction

synthase (NOS). In addition, about 20% of NPY-expressing interneurons
have the electrophysiological properties of NGFs (lbafiez-Sandoval et al.,
2011), and PLTS also include a class of GABAergic interneurons that
express TH and co-release DA (lIbafiez-Sandoval et al., 2010). The most
studied GABAergic interneurons by far are the FSIs (Gittis & Kreitzer,
2012). FSIs modulate MSNs by a feedforward mechanism due to their early
activation at lower thresholds than MSNs (Mallet et al., 2005). They make
strong and dense synapses to both types of MSNs and inhibit their firing.
A single FSl inhibits an estimated total of 135-541 MSNs (Kods & Tepper,
1999). Under normal conditions, FSls preferentially target the MSNs of the
direct pathway (Gittis & Kreitzer, 2012). However, upon DA depletion, FSI
axons sprout to form new axons specifically onto MSNs of the indirect
pathway, which causes an inversion of the normal pathway-selectivity of
FSls (Gittis et al., 2011). At the same time, the connectivity and unitary
strength of lateral inhibition between MSNs decreases (Figure 15B)
(Taverna et al., 2008). Although these local inhibitory dynamics are
described in models of Parkinson disease, they most likely contribute to
the long-lasting changes due to chronic exposure to drugs of abuse since

DA signaling is dramatically changed after chronic drug use.
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Figure 15. Local control of MSNs by GABAergic and cholinergic interneurons.

A: Different classes of striatal neurons that contribute to the local inhibitory networks.
Illustration comparing the typical time course and amplitudes of unitary inhibitory
postsynaptic currents observed in spiny projection neurons (SPNs) from each class of
inhibitory neuron. B: Summary of changes in GABAergic microcircuits following dopamine
depletion adapted from (Gittis & Kreitzer, 2012). Abbreviations: Acetylcholine (ACh),
cholinergic interneuron (CIN), Dopamine (DA), Fast spiking interneuron (FSI), y-
aminobutyric acid (GABA), Medium spiny neuron (MSN), Neural glial form (NGF),
Neuropeptide Y (NPY), nitric oxide (NO), Persistent and low-threshold spike (PLTS),
Somatostatin (SOM), Tyrosine hydroxylase (TH)
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3.3 The medial prefrontal cortex

The PFCis a brain area involved in attention, cognitive flexibility, decision-
making, and is further associated with executive control and thought to
mediate goal-directed behaviors, such as the seeking to obtain reward-
related substances (Groenewegen & Uylings, 2000; Miller, 2000; Kalivas et
al., 2005; Stahl, 2013). Among these functions is the control of behavior,
including attention, response inhibition, planning, and decision-making
(Balleine & Dickinson, 1998; Miller & Cohen, 2001; Dalley et al., 2004;
Euston et al., 2012). In addition, mPFC functions regulate the balance
between execution and inhibition of behavior, and dysregulation of these
functions is at the core of addiction (Goldstein & Volkow, 2011).

In rodents, the mPFC is typically referred to as structures located along the
medial wall of the PFC (Groenewegen et al., 1997; Heidbreder &
Groenewegen, 2003; Dalley et al., 2004; Kesner & Churchwell, 2011). The
mPFC can be divided into four main areas, including the precentral area,
the anterior cingulate cortex, the prelimbic cortex (PLC) and the
infralimbic cortex (ILC) (Heidbreder & Groenewegen, 2003). In addition,
the dorsal agranular insular and dorsolateral orbitofrontal cortex are often
included as mPFC structures, despite their lateral location, due to
interconnections with the PLC and the ILC. (Condé et al., 1995; Vertes,
2004; Kesner & Churchwell, 2011; Watson et al., 2011). Like other cortical
areas, the mPFC is divided into six horizontally arranged layers, however,
it is noteworthy that layer IV is different in rodents and primates (Uylings
et al., 2003).

Two main neuronal cell types comprise the mPFC, including the excitatory
glutamatergic pyramidal projection neurons which represent 80%-90% of
the total population, and a variety of inhibitory interneurons that can be

functionally divided in FSIs and non-fast spiking interneurons (NFSIs). FSls
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and NFSIs are expressed in all cortical layers. FSIs tonically inhibit
pyramidal neurons, whereas the NFSIs are involved in modulating the
activity of FSIs (Makram et al., 2004; Yuste, 2005; Druga, 2009). Pyramidal
neurons are located in layers I, lll, V and VI spreading their axons vertically
towards the deeper layers. The apical dendrites are extended towards the
superficial layers, whereas the basal dendrites contact with deeper layers
(Pistillo et al., 2015).

Pyramidal neurons and interneurons receive DA, glutamatergic,
GABAergic and cholinergic inputs from cortical areas, the VTA, the
thalamus, the AMG, the HPC, and the basal forebrain in a layer-specific
manner. In a similar manner, pyramidal neurons project back to these
areas to form microcircuits (Riga et al., 2014; Moorman et al., 2015; Pistillo
et al., 2015). More specifically, thalamic neurons were shown to drive fast
and robust synaptic responses in layer | interneurons and pyramidal
neurons (Cruikshank et al., 2012), and about 20% of the cholinergic and
GABAergic afferents from the basal forebrain make contact with the
neuronal processes of layer | and a smaller fraction with those of layer II-
Ill (Henny & Jones, 2008). In addition, thalamocortical afferents synapse
onto cholinergic fibers, where glutamate stimulates the generation of the
cholinergic transients necessary for the detection and storage of
environmental stimuli (Sarter et al.,, 2014). Optogenetic studies
demonstrated that layer Il pyramidal neurons of the PLC receive functional
inputs from the contralateral mPFC, midline thalamic nucleus, BLA, and
VvHPC (Little & Carter, 2012). These neurons, and those from layer Il
project back to the BLA and take part in intracortical circuits with other
pyramidal neurons and interneurons (Douglas & Martin, 2004; Gabbott et

al., 2005).
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Layer V neurons receive inputs from the thalamus and other cortical areas.
Cholinergic and GABAergic afferents from the basal forebrain project
mainly to layers V and VI (Henny & Jones, 2008). DA terminals from the
pVTA are densest in layers V and VI, where they make symmetric synapses
on pyramidal neurons and, to a lesser extent, on interneurons (Lammel et
al., 2008). In addition, DA synapses are typically in close apposition with
asymmetric glutamatergic synapses in the mPFC. These synaptic triads are
proposed to be responsible for the direct glutamatergic impact on DA
transmission (Pistillo et al., 2015). Pyramidal neurons from layer V and VI
comprise the main output to subcortical areas, including the pVTA, the
NAc, and MDT. Glutamatergic cortico-cortico circuits and feedback
projections to the MDT control working memory and perception of
sensory stimuli (Goldman-Rakic, 1995), whereby the neurons projecting to
the pVTA and the NAc are involved in the evaluation of these stimuli, and
the implementation of behavioral responses (Carr & Sesack, 2000;
Gabbott et al., 2005). Cortical inputs to the NAc are further associated with
the modulation of goal-directed behavior and inhibitory control (Figure

16) (Stahl, 2013).
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Figure 16. Main inputs to and outputs from the neuronal populations of the prefrontal
cortex.

Inputs to glutamatergic pyramidal neurons and different types of interneurons in the PFC,
and the outputs from pyramidal neurons to subcortical areas (Pistillo et al., 2015).
Abbreviations: Acetylcholine (Ach), basolateral amygdala (BLA), dopamine (DA),
glutamate (Glu), fast-spiking (FS), Mediodorsal thalamus (MDT), non-fast-spiking (NFS),

posterior-medial ventral tegmental area (pVTA), vesicular glutamate transporter 2
(vGlut2),

Besides the layer-specific connectivity of the mPFC. Pyramidal neurons of
the PLC and the ILC possess different projection patterns, particularly with
respect to the density of their projections to reward-related brain regions
(Figure 17) (Vertes, 2004, 2006). Indeed, PLC neurons project
predominantly to the NAc core, while ILC pyramidal neurons synapse
almost exclusively with cells in the NAc shell (Sesack et al., 1989; Berendse
et al., 1992; Vertes, 2004, 2006). Similarly, PLC fibers send their
projections primarily to the capsular central amygdala and BLA. In

contrast, projection sites of the ILC are widely distributed throughout the
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AMG, including the medial, basomedial, cortical and central amygdala
nuclei (Beckstead, 1979; Hurley et al., 1991; Vertes, 2004, 2006). Lastly,
the PLC lightly innervates the brainstem, including the VTA, and the
posterior and lateral hypothalamus, whereas the ILC sends dense
projections to the dorsomedial hypothalamus, perifornical region,
posterior and supramammillary nuclei (Sesack et al., 1989; Hurley et al.,
1991; Vertes, 2004, 2006). Importantly, mPFC projections typically follow
a dorsal-ventral gradient. For example, ventral regions of PLC tend to
innervate both core and shell regions of NAc (Figure 17) (Heidbreder &

Groenewegen, 2003).

mPFC neurons

@Hippocampus
@Thalamus

Figure 17. Progressive conceptualizations of mPFC differentiation.

A: mPFC as a unified structure. B: Structural distinctions within the mPFC emerge. C: Only
specific neuronal ensembles within PLC and ILC based on their projection targets are
necessary for particular behaviors, not the region as a whole (Moorman et al., 2015).
Abrreviations: anterior cingulate cortex, area 1 (Cgl), basolateral amygdala (BLA), dorsal
peduncular cortex (DP), Infralimbic cortex (ILC), medial prefrontal cortex (mPFC), nucleus
accumbens core (NAcC), nucleus accumbens shell (NAcSh), prelimbic cortex (PLC), ventral
tegmental area (VTA)
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The differential projection patterns of the PLC and the ILC result in
differential modulation of motivated behaviors, including seeking,
extinction, and reinstatement of seeking-behavior in rodent models of
relapse. It was supposed that pyramidal neurons of the PLC drive drug-
seeking whereby the neurons of the ILC inhibit drug-seeking. Recent
studies, however, revealed that the canonical dichotomy is more complex
than previously suggested. Both PLC and ILC have been shown to drive and
inhibit drug-seeking, and other types of behaviors, depending on a range
of factors, including the behavioral context, the drug-history of the animal,
and the type of drug investigated. This heterogeneity of findings may
reflect multiple sub-circuits within each of these mPFC areas supporting
unique functions as shown in other mesocorticolimbic areas (Moorman et

al., 2015).
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4 Neurobiology of nicotine use disorder

The complex behaviors that define the addicted state arise from time-
dependent, drug-induced neuroadaptations in specific brain circuits that
contribute to the enduring nature of the addictive disorders (Koob &
Volkow, 2016). The initially rewarding effects produced by acute drug
intake involve many relatively transient changes in neuronal function that
precede a habit formation over time and fosters excessive drug-seeking,
eventually (Nestler, 2005; Koob & Volkow, 2016). Due to repeated drug
insults, relatively stable changes in synaptic physiology occur that further
triggers opponent-process responses that diminish reward function and
increase the brain stress systems (Koob & Le Moal, 2008a). These changes
can remain virtually permanent, leading to a stable state of high
vulnerability to relapse even after long periods of abstinence that
characterizes an addictive disorder. Research of the last decades focused
mainly on the mesocorticolimbic pathway to understand the
neurobiological mechanisms that underly SUD and to alleviate this severe

relapsing brain disease.

4.1 Nicotine

4.1.1 Pharmacological properties of nicotine

(S)-3-[1-Methylpyrrolidin-2-yl] pyridine (Figure 18), better known as
nicotine, is an alkaloid found in many members of the solanaceous family
of plants, where it acts as a natural insecticide (Soloway, 1976; Dome et
al., 2010). It was first isolated in 1828 from tobacco plants (Nicotiana
tabacum) by Posselt and Reimann. Nicotine accounts for 95% of the
alkaloid content in tobacco leaves. The predominant isomeric form of

nicotine is the pharmacologically active (S)-isomer meanwhile the (R)-
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isomer only accounts for 0.1 to 0.3% of the total nicotine content
(Armstrong et al., 1998). Chemically, nicotine is a tertiary amine composed
of a pyridine and a pyrrolidine ring (Figure 18) (Henningfield & Zeller,
2006). It is a weak base (pKa = 8.0) (Fowler, 1954) and its absorption across
biological membranes depends on the pH of the medium. Smoking is a
highly efficient form of nicotine administration and produces high
concentrations (100-500 nM) in the brain that are comparable to those
seen after nicotine intravenous administration (Hukkanen et al., 2005).
Briefly, cigarette smoke (pH: 5.5-6) is inhaled into the lungs (pH: 7.4),
where the alkaline fluid of the surface of the alveoli buffers the pH of
smoke, allowing nicotine to be absorbed into the pulmonary circulation.
After absorption, nicotine enters the bloodstream (pH: 7.4) and is
distributed throughout body tissues (Hukkanen et al., 2005). Interestingly,
a puff of smoked tobacco delivers high levels of nicotine to the brain in 10
to 20 seconds, faster than intravenous administration, producing rapid
rewarding effects through the activation of the mesocorticolimbic DA
system (see section 4.3.1) (Benowitz, 1990). Nicotine gets rapidly and
extensively metabolized primarily by the liver enzyme cytochrome P450,
isoform 2A6 to cotinine (Figure 18) (Matta et al., 2007). Rodents display a
faster nicotine metabolism and they are less sensitive to the effects of
nicotine. The plasma half-life (t1/2) of nicotine in humans averages about 2
hours while the ti; in rats is 45 min and 6-7 min in mice (Hukkanen et al.,
2005). Therefore, it is important to adjust nicotine doses and to select a
route of administration that approximates human exposure when setting
up a murine model of nicotine addiction (Matta et al., 2007). Indeed, the
rapid rate of nicotine delivery by smoking in humans can be mimicked in
rodents by intravenous injections, which presents similar distribution

kinetics (Hukkanen et al., 2005). Accordingly, it has been shown that rats
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(Corrigall & Coen, 1989) and mice (Galeote et al., 2009; Martin-Garcia et
al., 2009) will readily self-administer nicotine if delivered as a rapidly

injected intravenous bolus, rather than a slower infusion.
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Figure 18 Chemical structure and primary metabolism of (S)-3-[1-Methylpyrrolidin-2-yl]
pyridine (nicotine).
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4.1.2 Nicotinic acetylcholine receptors

Cholinergic receptors perform major roles in neural transmission within
the somatic and autonomic nervous systems. Nicotinic receptors are
divided into two subtypes, N1 and N2. N1 may also be referred to as the
peripheral or muscle receptor type, while N2 is known as the central or
neuronal receptor subtype (Kalamida et al., 2007). The N1 receptor is
located in skeletal muscle at the neuromuscular junction performing the
action of voluntary muscle movement (Papke, 2014). N2 is located within
the peripheral and central nervous systems. For the purpose of this work,
nicotinic acetylcholine receptors (nAChRs) refer only to N2 receptors when

not indicated differently.

4.1.2.1 Anatomical and subcellular distribution

nAChRs are widely distributed throughout the central and peripheral
nervous systems. They are expressed by neurons, microglia, and
astrocytes (Egea et al., 2015; Maurer & Williams, 2017). They are further
expressed in non-neuronal cells including keratinocytes, endothelial cells,
digestive, respiratory, and immune cells (Albuguerque et al., 2009;
Kawashima et al., 2015).

In parallel to the brain cholinergic pathways, nAchRs present a widespread
distribution throughout the CNS, including brain areas associated with
nicotine addiction (Figure 19) (Tuesta et al., 2011). Their distribution
profile, however, is not uniform. nAChRs are predominantly expressed at
presynaptic and/or preterminal localization, and modulate the release of
almost all classes of neurotransmitter. However, some nAChRs have also
been found at dendritic, somal, axonal and post-synaptic sites (Dani &

Bertrand, 2007; Albuquerque et al., 2009) Consequently, their activation
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can have opposite modulatory effects on the same circuit depending on

their location.

Hippocampus Medial habernula
Cortex a4B2, adasp2, @42, a3p4,

adB2, adas5B2,
Olfactory bulb 7 a3p4,a7 a3p3p4,a7 Cerebelum

a4B2,a7 a4B2, a3pa*,
a7, a3p2*

Spinal cord

Striatum adB2, a3pa*,
o4p2, adas5B2, o7
a6B2B3, aba4p2p3 -/
\__/ \_\“
Amygdala
a4p2, a7 .
Raphe nuclei
Hypothalamus Thalamus Loc: saco:rgleaus a4p2
a4p2, a7 adp2 a3p4, a6p2p
Substantia nigra Interpeduncular nucleus
ventral tegmental area adP2*, a2B2*,
adpB2, adasp2, a3B3p4, a7

a3B4*, abB2B3*, a7

Figure 19. Distribution of nicotinic acetylcholine receptors in the rodent central nervous
system. (Gotti et al., 2006)

4.1.2.2 Structure and subtypes

nAChRs belong to the superfamily of pentameric ligand-gated ion channels
and are endogenously activated by the neurotransmitter acetylcholine
(Millar & Gotti, 2009). Due to the diversity of possible combinations out of
eight a (a2— a7, a9, a10) and three B (B2— B4) neuronal subunits, they are
involved in a variety of physiological processes (Gotti & Clementi, 2004).
The different subunits can form homo- and hetero-oligomeric receptors
arranged by 5 membrane-spanning subunits that form a central cationic
pore that is permeable not only to monovalent Na* and K* but also to Ca?*

ions (Figure 20) (Albuquerque et al., 2009). Neuronal nAChRs can be
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divided into two classes: First, the a-bungarotoxin-sensitive subtypes
made up of the a7, a9, and al0 subunits, which can be homomeric or
heteromeric. Second, the a-bungarotoxin-insensitive receptors, which are
heteromeric combinations of a2-6 and 2—4 subunits. The alpha subunits
can conform homo-oligomeric and hetero-oligomeric receptors because
these subunits contain the ligand-binding site. In contrast, beta subunits
only arrange hetero-oligomeric receptors that exhibit 2 ligand binding
sites at the interface between a and B subunit (Figure 20) (Nicolas et al.,

2001).
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Figure 20. Basic structure of neuronal nicotinic receptors.

A-Left: Diagram showing the topography of nAChR subunits. The extracellular amino
terminal portion is followed by three hydrophobic transmembrane domains (M1-M3), a
large intracellular loop, and then a fourth hydrophobic transmembrane domain (M4).
Middle) The arrangement of nAChR subunits in an assembled receptor. A-Right:
Localization and organisation of the ACh binding sites in a heteromeric receptor. B-Left:
Structure of homopentameric and heteropentameric neuronal subtypes. The pentameric
arrangement of nAChR subunits in an a7 homopentameric subtype; B-Middle:
heteromeric receptor subtype; B-Right: (a4);(B2), subtype. The localizations of the
subunit interfaces of the orthosteric binding sites are indicated, together with the primary
component P(+)carried by the a subunits and the complementary component C(-)carried
by an a or non-a subunit. In addition to the two orthosteric sites, the (a4)3(B2), subtype
has a binding site at the ad4a4 interface (star). (Zoli et al., 2015)
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4.1.2.3 Activation and desensitization

Upon binding of the endogenous neurotransmitter ACh, the open
conformation of nAChRs stabilizes and positive-charged ions enter the cell
which favors the emergence of action potentials leading to the release of
multiple neurotransmitters (Dajas-Bailador & Wonnacott, 2004; Dani &
Bertrand, 2007). In addition, activity-dependent modulation of circuits
and intracellular enzymatic processes are associated with nAChR
activation, as well (Mckay et al., 2007). By modulating activity-dependent
events, nAChRs are key modulators of synaptic plasticity that is involved
in attention, learning and memory (Dani et al., 2001; Ge & Dani, 2005).
Multiple subtypes of nAChRs can be expressed by the same neuronal
population and overlapping distribution of different nAChR subtypes can
be found in different brain areas. The balance between nicotine-mediated
activation and desensitization of specific subtypes of NAChRs can influence
the functional and behavioral responses to nicotine exposure (Picciotto et
al., 2008)

Three main functional states have been described for nAChRs upon
agonist binding: (1) closed at rest, (2) open pore when conducting cations
in response to agonists and (3) closed desensitized when unresponsive to
agonist(s) (Dani & Heinemann, 1996). The state of a receptor is highly
dynamic and depends on a variety of factors, including the nAChR subtype,
the agonist concentration and the rate of the agonist application (Figure
22) (Dani & Heinemann, 1996; Giniatullin et al., 2005).

At moderate or high agonist concentrations, nAChRs are first activated
and can then desensitize with subsequent recovery upon agonist removal.
This ‘classical desensitization” develops quickly in a millisecond range. In
contrast, at low agonist concentrations, nAChRs can switch to a

desensitized state even without apparent receptor activation. This ‘high-
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affinity desensitization’ is a rather slow process in a second to minute
range and is, therefore, more likely to be generated than classical
desensitization. This kinetic model suggests the transition into the
desensitized state from both the open receptor state but also from the
agonist-bound closed state. The latter state reveals a high agonist affinity
because it can be evoked by low agonist concentrations in a nanomolar
range. Hence, this transition receptor conformation could be responsible
for generating high-affinity desensitization (Figure 21) (Giniatullin et al.,

2005).

R AR AR A,R*

Agonist

2,
O

D AD A,D

Figure 21. Desensitization of nAChRs.

Binding of two agonist molecules and transition into the desensitized state from both
the agonist-bound closed state (AR) and from the open receptor state (A2R*).
Abbreviations: Agonist (A), desensitized state (D), resting state (R), open state (R*)
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The prone nAChR for high-affinity desensitization is the a42* subtype
rather than the a7* or the a3B4* subtype (Taly et al., 2009). Indeed, it was
demonstrated that presynaptic effects of low concentrations of nicotine,
that were blocked with selective a7*nAChR antagonists, persisted in the
continued presence of nicotine in brain slices of rats (Mansvelder et al.,
2002) and mice (Wooltorton et al., 2003). In contrast, presynaptic effects
that were blocked by selective f2* nAChR agonists desensitized during
continued nicotine (Mansvelder & Mcgehee, 2000; Mansvelder et al.,
2002). nAChRs are unresponsive or display a decreased response to
agonists in the desensitized state, however, desensitized nAChRs reveal a
higher affinity for ACh and other ligands than those in the “activatable”
state (Heidmann et al., 1983; Quick & Lester, 2002). Indeed equilibrium
binding experiments showed increased nicotine binding in the brain after
chronic nicotine exposure measured in living human subjects (Staley et al.,
2006). Long exposure to nicotinic agonists can produce sustained changes
in receptor sensitivity owed to upregulation of both a4B2 and a7-
containing neuronal nAChRs by high-affinity desensitization (Figure 22)
(Buisson & Bertrand, 2002). Furthermore, different stoichiometric
variations may occur in the case of a42 subtype, resulting in different
functional oligomers. Hence, (a4B2),a4 receptors exhibited lower
sensitivity to ACh and faster desensitization than (a4p2),f2 (Buisson &
Bertrand, 2001; Nelson et al., 2003).
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Figure 22. Classical and high-affinity desensitization of nAChRs.
Nicotinic acetylcholine receptor desensitization depends on agonist concentration and
exposition time (Giniatullin et al., 2005).

4.2 Cholinergic signaling in the mesocorticolimbic circuit

The cholinergic system is a key modulator of the mesocorticolimbic
pathway where it controls the physiology of reward-seeking, motivation,
and motor control. This system is also involved in the pathophysiology of
several disorders, such as Parkinson’s and Huntington’s disease,
schizophrenia and addiction to drugs of abuse (Cachope & Cheer, 2014).
Recent studies were able to asses specific nAChR subtypes in specific cell
types in the mesocorticolimbic circuit by means of technological advances
in mouse genetics, virus-mediated gene transfer, optogenetic and
chemogentic tools, and electrophysiological studies (Markou, 2008;

Threlfell & Cragg, 2011; Cachope & Cheer, 2014; Pistillo et al., 2015).
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4.2.1 Cholinergic signaling in the ventral tegmental area
Cholinergic signaling acts as an essential ‘gate’ in the VTA that switches
VTA neurons from tonic to phasic firing which is associated with receiving
reward-predicting stimuli or unpredicted rewards (Pistillo et al., 2015).
Almost all nAChR subunits are expressed in midbrain DA neurons,
although biochemical and functional analyses have shown that a4B2* and
a4a6B2* nAChRs are the two main receptors in DA cell body/dendrite
compartment of the ventral midbrain (Champtiaux et al., 2003; Drenan et
al., 2008; Gotti et al., 2010). The B2 subunit was shown to play a critical
role in cholinergic-induced firing of DA neurons. Activation of
somatodendritic $2* nAChRs elicited cell firing. Furthermore, agonist-
induced cell-firing was decreased in f2 KO mice but restored by targeted
expression of the B2 subunit in the VTA (Mameli-Engvall et al., 2006;
Changeux, 2010).

The a5 subunit is also highly expressed on DA cell bodies and dendrites
and accounts for about half of the a4p2* nAChRs. The lack of this subunit
in a5 KO mice halves the expression of a4* nAChRs (Chatterjee et al.,
2013). The a5 subtype does not contribute to the ligand-binding site, but
it plays a critical role in defining a receptor’s nicotine-sensitivity (Morel et
al., 2014).

The a7 subunit is expressed on half of the DA cell bodies and half of the
glutamatergic nerve terminals innervating the VTA (Klink et al., 2001).
Although they were shown to only tune activation of DA neurons, their
activation facilitates glutamate release on DA neurons (Jones &
Wonnacott, 2004) which facilitates the burst firing of VTA DA neurons and
eventually leads to long-term potentiation (LTP) (Zhao-Shea et al., 2011).
GABAergic interneurons and nerve terminals innervating the VTA express

predominantly a4B2 subtypes, where their activation facilitates GABA
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release on DA neurons (Marubio et al., 1999; Klink et al., 2001; Changeux,
2010). However, GABA transmission on DA neurons was blocked using a
selective a6P2 antagonist suggesting that GABAergic interneurons and/or

nerve terminals also express the a6 subunit (Figure 23) (Yang et al., 2011).
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Figure 23. Cholinergic signaling in the VTA.
(Pistillo et al., 2015).

4.2.2 Cholinergic signaling in the striatum

In contrast to the VTA and the mPFC that receive cholinergic signaling from
the LTDg, the pedunculopontine tegmental nucleus (PPTg) and the basal
forebrain, cholinergic signaling in the striatum is locally controlled by CINs
(Descarries et al., 1997; Descarries & Mechawar, 2000). nAChRs are
expressed in DAergic, glutamatergic and GABAergic nerve terminals, as
well as in GABAergic interneurons in the striatum (Cachope & Cheer, 2014;
Pistillo et al., 2015).

Striatal DA axons express a high density of a4, a5, a6, 2 and B3 subunits
in an arrangement of two af pairs that could be a4p2*, a6p2* and/or
a4pa*, plus a fifth subunit that can be a5 or B3 (Champtiaux et al., 2003;
Threlfell & Cragg, 2011). In addition, the B2 subunit is included in all
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nAChRs expressed on striatal DA projections (Figure 24) (Jones et al.,
2001). A significant amount of work has shown that a4*(non-a6*) nAChRs
play a prominent role in the dorsal striatum, while a4a6*nAChRs are
dominant in the NAc (Exley & Cragg, 2008; Exley et al., 2012). Given the
distinct functional role of the dorsolateral and the ventromedial striatum,
it has been proposed that such differences could be taken into account as
a substrate for region-specific intervention (Threlfell & Cragg, 2011).
Animals treated with the DA neuron-selective toxin 6-hydroxydopamine
showed that the major subtypes remaining after DA denervation are the
a4B2 and a7 subtypes. The a7 subtype is localized on cortical and thalamic
glutamatergic afferents in the NAc (Kaiser et al., 2000; Marchi et al., 2002;
Rousseau et al., 2005), whereby a4p2* receptors account for the majority
of nAChRs modulating GABA release. a4p2* nAChRs are expressed by
GABA releasing nerve endings (Grilli et al., 2009a), soma-dendrites of FSls
(Kods & Tepper, 2002), and GABAergic neurons projecting to MSNs in the
striatum (Figure 24) (Liu et al., 2007c)

In contrast, no functional nAChRs have been detected in MSNs (Pisani et
al., 2007) and CINs, although a7 and B2 mRNA have been detected in these
latter cells (Figure 24) (Azam et al., 2002). Furthermore, CINs express M2
and M4 muscarinic acetylcholine receptors (mAChRs) that are Gi-coupled
transmembrane receptors and act as inhibitory autoreceptors. In a similar
way to what has been described for nAChRs, mAChRs exhibit some dorso-
ventral gradient in their ability to regulate DA release. While M2/M4
receptors are necessary for such regulation in the dorsal striatum, M4

receptors are prevalent in the NAc (Threlfell et al., 2010).
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Figure 24. Cholinergic signaling in the NAc.
(Pistillo et al., 2015). Abbreviations: Tonically active cholinergic interneuron (TAN).

The involvement of presynaptic nAChRs on DA transmission was
demonstrated very early mainly from experiments describing increases of
DA release in response to nAChR activation in slices or synaptosomes
(Giorguieff et al., 1977; Rapier et al., 1990; Wonnacott et al., 1990). Recent
studies using electrochemical methods and optogenetics in vivo showed
that CINs can trigger DA release in the NAc directly, bypassing ascending
activity from DA neurons. Indeed, optogenetic direct activation of CINs
and activation of thalamo-striatal inputs, which synchronize CINs, were
shown to increase DA levels in the NAc in vivo (Cachope et al., 2012;
Threlfell et al., 2012). Conversely, CIN activity seems to depend on DA
firing. CINs show synchronized breaks in their activity during burst firing of
DA neurons (Figure 25) (Schultz, 2002; Morris et al., 2004), concluding that
a decrease in cholinergic transmission may enhance DA burst firing.
Indeed, it was demonstrated that DA release is increased by ACh at low
firing rates of DA neurons. However, ACh decreased DA release at burst
firing frequencies due to a form of release depression, called short-term

depression (Rice & Cragg, 2004).
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Figure 25. Synchronization of dopaminergic and cholinergic neuron responses to
behavioural events.

(Morris et al., 2004; Cragg, 2006). Abbrevaitions: Dopamine neurons (DAN) and cholinergic
interneurons (tonically active neuron (TAN)

4.2.3 The medial prefrontal cortex

Due to the complex architectural structure and the plethora of neuronal
connections and interconnections, the specific role of cholinergic signaling
is yet to elucidate. However, different studies over the last decade could
demonstrate a cholinergic modulation of prefrontal activity.

DAergic, GABAergic and glutamatergic signaling are modulated by the
neurotransmitter Ach in the mPFC that derives from the basal forebrain.
This modulation works mainly through volume transmission, although
pyramidal neurons in layers V and VI can also be directly excited by
cholinergic stimulation (Aracri et al., 2010; Proulx et al., 2014).

a4B2* nAChRs are expressed on DA terminals originating from the pVTA
(Livingstone & Wonnacott, 2009; Livingstone et al.,, 2009), and on
pyramidal neurons in layer V and VI (Poorthuis et al., 2013a), where DA

terminals are densest. Aside from DA terminals, stimulation of the B2
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subunit increased excitatory inputs from thalamocortical terminals to
layer V pyramidal neurons (Lambe et al., 2003; Couey et al., 2007), and
increases the frequency of GABAergic input from interneurons to
pyramidal neurons (Poorthuis et al., 2013b). In addition, only GABAergic
interneurons in layer V express the ad4a5B2* receptors that are less
sensitive to desensitization, whereas layer Il, Il and VI lack the subunit a5
(Poorthuis et al., 2013b).

a7 nAChRs are expressed on pyramidal neurons, DA terminals and
interneurons of all layers except layer VI (Figure 26) (Livingstone et al.,
2009; Poorthuis et al., 2013b, a).

In summary, nAChRs stimulate both excitatory and inhibitory neurons in
distinct layers. However, due to distinct desensitization profiles of
different nAChR subtypes, the net result of cholinergic stimulation is an
increase in the activity of layer V and VI pyramidal neurons, whereas, in

layers Il and Ill, only interneurons are activated.
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Figure 26. Cholinergic signaling in layer V of the mPFC.
(Pistillo et al., 2015). Abbreviations:Fast-spiking (FS), non-fast spiking (NFS), posterior-
medial ventral tegmental area (pVTA).
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4.3 Stages of nicotine use disorder

Similar to other SUDs, nicotine use disorder is a chronic relapsing brain
disease characterized by compulsive tobacco use, loss of control over
tobacco consumption, and continuing tobacco use despite its harmful
effects. A negative emotional state, craving upon acute withdrawal, and
the relapse to nicotine-seeking even after protracted abstinence (Koob &

Le Moal, 2008a; DSM-5, 2013).

4.3.1 Nicotine’s acute reinforcing effects
Reward is defined herein as any event that increases the probability of a
response with a positive hedonic component. In humans, the main

reinforcing effects of nicotine are a mild pleasurable rush, mild euphoria,
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increased arousal, decreased fatigue and relaxation (Henningfield et al.,
1985). In addition, smokers also derive pleasure from the sensory cues
associated with smoking (Rose et al., 1985; Perkins et al., 2001; Rose,
2006). Such positive effects play an important role in the initiation and
maintenance of tobacco smoking (Markou, 2008). Nicotine has an
inverted U-shaped dose-response curve in both humans and animals
(Picciotto, 2003; Matta et al., 2007), usually showing reinforcing effects at
lower doses (around 0.1 mg/kg in rats or mice) and aversive effects at
higher concentrations (>1 mg/kg in rats or mice).

A large body of evidence shows that nicotine, like other drugs of abuse,
produces its reinforcing effects through the modulation of the
mesocorticolimbic reward system (Markou, 2008). Nicotine self-
administration enhances brain reward function demonstrated by
decreased ICSS reward thresholds in rats self-administering nicotine
(Kenny & Markou, 2006), and acute nicotine administration elevated DA
extracellular levels in the ventral striatum, especially in the NAc shell (Di
Chiara & Imperato, 1988; Benwell & Balfour, 1992; Pontieri et al., 1996).
These rewarding effects arise mostly due to the modulation of DA neurons
within the VTA. Accordingly, nicotine increases the firing rate of
mesolimbic DA neurons (Grenhoff et al., 1986; Schilstrom et al., 2003;
Mameli-Engvall et al., 2006), and only intra-VTA but not intra-NAc
infusions of nAChR antagonists diminished nicotine-elicited DA outflow in
the NAc (Nisell et al., 1994). Furthermore, lesions of mesolimbic DA
projections from the VTA to the NAc (Corrigall et al., 1992), and lesions of
cholinergic projections from the PPTg to the VTA reduced intravenous
nicotine self-administration in rats (Lanca et al., 2000).

The mechanisms by which nicotine develops its reinforcing properties in

the VTA are complex and critically depend on the desensitization profiles
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and region-specific expression patterns of the distinct nAChR subtypes
within the VTA. The a6a42* nAChRs are proposed to be the primary
mediators of nicotine’s reinforcing effects in the VTA. DA neurons of the
VTA express a6 and B3 subunits together with the a4 and B2 subunits
(zhao-Shea et al., 2011; Leslie et al., 2013), however, DA neurons from the
pVTA, that provide the main projection to the NAc, expressed higher levels
of a4, a6, and B3 transcripts (Zhao-Shea et al., 2011). a4a6p2p3 appear
to have the highest affinity for nicotine (Salminen et al., 2007; Liu et al.,
2012), and the presence of the a6 subunit, particularly in a6a4p2*
nAChRs, slowed the rate and degree of desensitization compared to a4f32
nAChRs at the low concentrations of nicotine achieved by smokers (Liu et
al., 2012). In agreement, Whole-cell recordings of DA neurons in the VTA
revealed that pVTA DA neurons showed more burst firing than aVTA DA
neurons at low nicotine doses, and were activated at lower nicotine doses
than aVTA DA neurons (Zhao-Shea et al., 2011). Consistent with these
findings, rats directly self-administered nicotine into the pVTA but not into
the aVTA (lkemoto et al., 2006). Together, these data established a pivotal
role for a4a6B2* subtypes expressed on pVTA DA neurons as the primary
mediators of the reinforcing properties of nicotine.

The a5 subunits account for half of the a4pf2*nAChRs express on DA cell
bodies and dendrites (Chatterjee et al., 2013). Although the a5 subunit
does not contribute to nicotine binding, it plays a critical role in a
receptor’s nicotine sensitivity. Slice preparations of the VTA from a5 KO
mice were less sensitive to nicotine and nicotinic agonists (Morel et al.,
2014). In line with these results, a5 KO mice demonstrated a significantly
increased nicotine intake during nicotine self-administration and self-
administered nicotine at doses that normally elicit aversion in Wt mice

(Fowler & Kenny, 2011; Morel et al., 2014) Moreover, ada5p2* nAChRs
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are less sensitive to the desensitization induced by nicotine (Poorthuis et
al.,, 2013a), thus, maintaining DA neurons active while GABAergic
transmission is already suppressed due to receptor desensitization.
Indeed, GABAergic inputs to VTA DA neurons express mainly the high-
affinity a4pf2 nAChRs. Smoked concentrations of nicotine transiently
increase the release of GABA but subsequently depress it for about 1h
(Mansvelder et al., 2002), hence, disinhibiting DA neurons.

Glutamatergic input to VTA DA neurons is also enhanced by nicotine
through the activation of presynaptic a7 nAChRs (Dani et al., 2000;
Mansvelder & Mcgehee, 2000; Mansvelder et al., 2002). Thus, further
facilitating the burst firing of VTA DA neurons and eventually leading to
LTP at glutamatergic synapses (Saal et al., 2003; Zhao-Shea et al., 2011).
Together, nicotine facilitates DA, GABA and glutamate transmission in the
VTA. However, by acting on different nAchR subtypes with distinct
desensitization profiles nicotine enhances glutamatergic transmission,
while nAchRs on GABA neurons are desensitized, thus shifting the balance
of synaptic inputs to excitation and inducing a net activation of the

dopaminergic neurons of the VTA (Figure 27) (Mansvelder et al., 2002).
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Figure 27. Nicotine’s effects in the ventral tegmental area.

Exposure to nicotine increases the release of glutamate from the PFC and probably from
LDTg projections and, by desensitizing the a4fB2 receptors expressed by GABA terminals
and interneurons decreases GABA release. Increased glutamate release induces LTP of
glutamate synapses on DA neurons (Pistillo et al., 2015). Abbreviations: y-aminobutyric
acid (GABA), anterior-lateral ventral tegmental area (aVTA), acetylcholine (Ach), dopamine
(DA), glutamate (Glu), Laterodorsal tegmentum (LTDg), lateral habenula (LHb), long-term
potentiation (LTP), medium spiny neurons (MSNs), nicotinic acetylcholine receptors
(nAChRs), prefrontal cortex (PFC), posterior-medial ventral tegmental area (pVTA),
Rostromedial tegmentum (RMTg), vesicular glutamate transporter 2 (vGIuT2).

In the NAc, nicotine modulates DA, GABA and glutamate transmission. The
nicotine levels present in smokers desensitize nAChRs at DA terminals in
the NAc. Smoked nicotine, therefore, mimics the ‘pause’ in the activity of
cholinergic interneurons upon DA firing (see section 4.2.2) (Threlfell et al.,
2012). Accordingly, in the presence of the nAChR antagonist
mecamylamine or nicotine, DA release at low frequencies was decreased,
due to nAChR blockage or desensitization, while at high frequencies

release was enhanced (Rice & Cragg, 2004). Concluding that the contrast
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between tonic and phasic DA is enhanced either a pause in CIN activity,
nAChR desensitization by nicotine or block by nAChR antagonists (Figure
28). The first follow up studies using selective nicotinic antagonists have
demonstrated that a4p2* and a6B2* nAChRs are responsible for
cholinergic effects on the DA terminals in the dorsal and ventral striatum,
respectively (Exley & Cragg, 2008). The use of KO mice in more recent
studies demonstrated that this increased contrast observed in WT mice is
decreased in a6, a4 and B3 subunit KO mice in the NAc core. On the
contrary, this increased contrast was sustained in a5 KO mice (Exley et al.,
2012). Thus, it is suggested that presynaptic nAChRs serve as dynamic ACh
detectors, enhancing the contrast between tonic and burst firing (Rice &
Cragg, 2004; Wonnacott, 2008). At the same time, nicotine stimulates
burst firing of DA neurons via action at VTA level. The net result is an
increased phasic release of DA to the NAc that makes nicotine acting as a

powerful artificial reward (Wonnacott, 2008).
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Figure 28. Nicotine’s effects in the nucleus accumbens

Left panel: tonic ACh tone at nAChRs on DA axon terminals. Right panel: nAChR tone switched
off (or reduced) by either a pause in ACh interneuron activity, nAChR desensitization by
nicotine or block by nAChR antagonists (Exley & Cragg, 2008). Abbreviations: a-conotoxin Ml|
(a-CtxMll), acetylcholine (ACh), dopamine (DA), nicotinic acetylcholine receptors (nAChRs)
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Nicotine’s effects in the PFC are layer-specific due to a differential nAChR
subtypes expression (see section 4.2.3). As already discussed, high-affinity
a4p2* nAChRs desensitize already at very low doses whereby the
presence of the a5 subunit prevents receptor desensitization at lower
doses as it is the case in smokers. Thus, it was shown that the
desensitization of a4B2 receptors blocked the response of interneurons in
layers I, lll and VI, and, to a lesser extent, those of layer V. In contrast,
pyramidal neurons expressing a4a5B2 nAChRs in layer VI were much less
desensitized by nicotine (Bailey et al., 2010). In agreement, nicotine
treatment reduced the response of GABAergic interneurons but had much
less effect on the excitability of pyramidal neurons, especially those
located in layers V and VI (Poorthuis et al., 2013b). In a similar manner,
acute nicotine exposure (300 nM for 10 min to mimic similar conditions to
smoking) greatly desensitized the response to ACh of some B2* receptors
whereas the response of a7 receptors was unaffected. Thus, the
glutamatergic input to mesolimbic areas such as the NAc and the VTA is

increased, further enhancing mesocorticolimbic activity (Figure 29).
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Figure 29 Nicotine’s effects in the prefrontal cortex.

Exposure to nicotine increases glutamate release from the cortex and MDT nucleus
afferents and pyramidal neuron terminals and reduces tonic but increases phasic release
of DA from pVTA projections. Nicotine desensitizes a4p2 receptors on NFSIs and FSIs and
decreases GABA release onto pyramidal neurons (Pistillo et al., 2015). Abbreviations: y-
aminobutyric acid (GABA), acetylcholine (Ach), Basolateral amygdala (BLA), dopamine
(DA), glutamate (Glu), fast-spiking (FS), long-term potentiation (LTP), medial-dorsal
thalamus (MDT), nicotinic acetylcholine receptors (nAChRs), non-fast-spiking (NFS),
prefrontal cortex (PFC), posterior-medial ventral tegmental area (pVTA), ventral
tegmental area (VTA), vesicular glutamate transporter 2 (vGluT2).

Although nicotine acts on nAChRs, glutamatergic signaling plays a central
role in the reinforcing effects of nicotine. A big body of evidence showed
that the negative modulation of glutamate transmission at pre- or
postsynaptic level decreased the reinforcing properties of nicotine. Thus,
blocking NMDARs with competitive (Schilstrom et al., 2000) or non-
competitive (Shoaib et al., 1997) antagonists in the VTA decreased
nicotine self-administration and the effect of nicotine on ICSS (Kenny et

al., 2009). Furthermore, nicotine self-administration was decreased by
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blocking the postsynaptically expressed mGIuR5 (Kenny et al., 2003).
Conversely, activating the presynaptic mGluR2/3 by systemic or intra-VTA
administration, decreased nicotine self-administration, while nicotine
self-administration itself downregulated mGIluR2/3 function in the VTA
and the NAc (Liechti et al., 2007).

Glutamatergic signaling to the NAc also plays a key role in the reinforcing
and motivational aspects of nicotine. Acute nicotine increases the levels
of glutamate (Toth et al., 1993; Reid et al., 2000), and modulates GIuR
expression (Grilli et al., 2009b, 2012). Accordingly, micro-injections of
mGIluR5 selective antagonists in the NAc prevented intravenous nicotine
self-administration and DA release in both naive and nicotine exposed rats
(Tronci & Balfour, 2011), and activation of the predominant presynaptic
mGIuR2/3 decreased nicotine self-administration (Liechti et al., 2007). In
contrast, intra-NAc shell, but not core injections of NMDAR antagonists
increased nicotine intravenous self-administration under both FR and PR
schedules of reinforcement, suggesting that NMDARs in the NAc shell
negatively regulate the reinforcing and motivational effects of nicotine

(D’Souza & Markou, 2014).

4.3.2 Molecular adaptation after chronic nicotine

Chronic drug exposure leads to neuroadaptations in the
mesocorticolimbic system in an attempt to restore brain reward normal
functioning (Nestler, 2005). Homeostatic adaptations may occur within
cells and circuits stimulated by the drug to counteract this chronic
pharmacological insult to the brain. Among these adaptations, one of the
most pervasive processes is certainly tolerance, or the progressive
decrease of the initial drug effect (Koob, 2009). Tolerance often develops

towards the rewarding effects of drugs of abuse, leading individuals to
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constantly increase the dosage to maintain a stable effect. Indeed, drug
addicts often describe their continuing drug use as an attempt to re-
experience the initial remembered “high” or “rush” without success
(Hyman et al, 2006). Furthermore, amphetamine-induced or
methylphenidate-induced striatal dopamine responses are 80% lower in
active abusers, and accompanied by lower self-reports of the drug’s
rewarding effects relative to non-drug-abusing controls (Volkow et al.,
2004; Martinez et al., 2007)

With continued nicotine exposure, smokers develop tolerance to some
nicotine effects with the consequent need for progressively higher doses
of nicotine to obtain the same responses (Wang & Sun, 2005). It has been
proposed that desensitization and up-regulation of nAChRs are behind the
phenomenon of nicotine tolerance and dependence. Following nicotine
binding, nAChRs activate and rapidly enter in a desensitized state (see
section 4.1.2.3). During chronic nicotine exposure, smokers exhibit low
plasmatic levels of nicotine responsible for maintaining most nAChRs in a
desensitized state that interrupts ACh signaling (Wang & Sun, 2005).
Moreover, chronic nicotine usage enhances substantially the time that
nAChRs need to recover from the desensitized state, contributing to a
generalized inactive state of nAChRs in the brain (Picciotto et al., 2008;
Dani, 2015). Indeed, a brain image study showed that cigarette smoking,
in amounts used by typical daily smokers, maintains near complete
saturation, and thus desensitization, of the brain’s nAChRs.

Long-term exposure to an agonist usually produces excessive receptor
activation that is homeostatically compensated by down-regulation of the
receptor (Dani, 2015). Paradoxically, chronic nicotine exposure increases
nicotine-binding sites in the brain, a phenomenon termed up-regulation

of nAChRs (Cosgrove et al., 2015; Zoli et al., 2015). Indeed, brain studies
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in humans (Perry et al., 1999; Mukhin et al., 2008) and animals (Mugnaini
et al., 2002; Marks et al., 2004; Moretti et al., 2010) chronically exposed
to nicotine have shown that long-term exposure triggers an increase in the
number of receptors, particularly high-affinity a4B2 receptors. This up-
regulation of nAChRs has been observed in humans, mice and rats and
may be a response to the prolonged desensitization of nAChRs (Picciotto
et al., 2008). Nicotine-induced up-regulation only occurs in nicotinic, but
not muscarinic AChRs and differs among receptor subtypes and brain
regions (Gaimarri et al., 2007; Zoli et al., 2015). Indeed, chronic exposure
to nicotine up-regulates a4p2 receptors that are primarily expressed on
GABAergic neurons (Nashmi & Lester, 2007), but not the a6B2* receptors
selectively expressed on DA neurons (Mugnaini et al., 2002; Perry et al.,
2007; Moretti et al., 2010; Perez et al., 2013). Nevertheless, upregulated
a4B2 receptors are functionally desensitized. Hence, GABA control over
DA neuron activity is depressed in smokers (Mansvelder et al., 2002). A
reduction in the number and DA-releasing function of a6B2 nAChRs was
also revealed in the dorsal striatum and the NAc but not in the olfactory
tubercle, whereas a reduction of a4f2 function was observed in both
regions even though the number of receptors was markedly up-regulated
(Marks et al., 2014). Interestingly, no dose of nicotine caused changes in
DA receptor or dopamine transporter (DAT) expression or DAT affinity,
suggesting that the functional changes observed were directly dependent
on changes in the number and function of nAChRs rather than on intrinsic
mechanisms of DA transmission. There is now evidence indicating that the
key steps in nicotine-induced up-regulation are receptor assembly,
trafficking and cell surface expression (Colombo et al., 2013; Mazzo et al.,
2013). Nicotine can affect all of these processes depending on the

receptor subtype and circuit in which the receptors are expressed (Nashmi
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& Lester, 2007; Zhao-Shea et al., 2013). In contrast, nicotine exposure
causes a four- to six-fold higher binding to a4f2 nAChRs that did not
correspond with any significant change in the number of surface receptors
or changes in the assembly, trafficking, or cell-surface turnover of the
receptors. However, upregulation does alter the functional state of the
receptor, slowing desensitization and enhancing sensitivity to
acetylcholine (Vallejo et al., 2005).

Chronic drug-taking does also lead to an opposing response of inverse
tolerance, termed sensitization. Sensitization of the dopamine system is
characterized by greater increases in dopaminergic transmission in
response to the drug itself or to drug-associated cues (Everitt & Wolf,
2002; Robinson & Berridge, 2008) This process is associated with the
emergence of glutamatergic synaptic plasticity mechanisms in the
mesocorticolimbic brain circuitry. Drug-induced strengthening of
excitatory input may increase the incidence of burst firing (Jones & Bonci,
2005) and support the progressive manifestation of synaptic plasticity in
striatal regions that occurs following repeated drug exposure acting to
strengthen drug-seeking behaviors (Mameli et al., 2009; Lischer, 2013).
Consistent with this hypothesis, chronic nicotine exposure produces
sensitization, increases DA release in the ventral and dorsal striatum and
enhances locomotor responses to nicotine challenge (Reid et al., 1998;
Cadoni & Di Chiara, 2000; Shim et al., 2001). Nicotine, acting on a7 nAChRs
expressed on glutamatergic terminals, leads to LTP as shown by the
increase in the ratio of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR)/NMDAR currents at the glutamatergic synapses on
DA neurons. (Saal et al., 2003; Zhao-Shea et al., 2011), and glutamatergic
synapses in the NAc (Gipson et al., 2013). It is further suggested that

chronic nicotine induces a hyperglutamatergic state of the NAc by
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modulating its uptake from the synaptic cleft (Warr et al., 1999; Huang &
Bergles, 2004). Accordingly, nicotine self-administration decreases the
expression of the xCT and glial glutamate transporter 1 in the NAc (Reid et
al., 2000; Knackstedt et al., 2009; Schroeder et al., 2011). In addition,
Kenny et al. found increased levels of GluA1 AMPARs in rats that self-
administer nicotine. Nicotine modulates the release of DA and glutamate
in the striatum, whereby DA and glutamate inputs converge on the same
tripartite synapses of MSNs (Jay, 2003; Sesack et al., 2003). Rats
chronically exposed to nicotine showed an increase in length and density
of dendritic spines on MSNs (Brown & Kolb, 2001), which is associated
with an increase in NMDAR currents in the core but not in the shell of the
NAc. Interestingly, the increase in the excitability of the D1-MSNs located
in the NAc core and dorsal striatum is greater than in D2 receptor-
expressing MSNs (Avila-Ruiz et al., 2014)

In summary, chronic nicotine exposure leads to enduring
neuroadaptations in the cortico-striatal and cortico-VTA glutamatergic
brain circuitry, leading to increased glutamatergic transmission in the VTA,
NAc, and PFC. Furthermore, basal DA levels are reduced, but the
probability of phasic DA release in the NAc is increased. In addition,
nicotine desensitizes the majority of nAChRs expressed by GABAergic
neurons interfering with the cholinergic control of GABAergic transmission
(Wallace & Bertrand, 2013; Li et al., 2014). These alterations result in
increased susceptibility to excessive smoking and relapse in smoking-
experienced subjects even after long periods of withdrawal (Wise & Koob,

2014).
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4.3.3 Cessation of nicotine intake: acute withdrawal

The appearance of an aversive state when the drug of abuse is
discontinued is termed withdrawal syndrome and results in recurrent drug
use to avoid the negative consequences of drug abstinence (Koob et al.,
1997; Koob & Le Moal, 2008b). All drugs of abuse can produce a
motivational withdrawal syndromes characterized by chronic irritability,
emotional alterations, dysphoria, alexithymia, states of stress, and loss of
motivation for natural rewards (Koob & Volkow, 2016). Indeed, brain
imaging studies in humans demonstrated a decreased sensitivity of brain
reward circuits to stimulation by natural rewards during withdrawal
(Garavan et al., 2000), and profound decreases in dopamine release in
striatum in detoxified addicts (Volkow et al., 1997, 2007). In rodents, acute
drug withdrawal is associated with decreased dopaminergic and
serotonergic transmission in the NAc as measured by in vivo microdialysis
(Weiss et al., 1992), elevated brain reward thresholds in ICSS experiments
(Koob et al., 2014), and elevations in stress and anxiety-like responses
(Koob & Le Moal, 2005).

Another relevant mechanism during acute withdrawal is the dysregulation
of the hypothalamic-pituitary-adrenal axis and the brain stress system.
Both are mediated by the corticotropin-releasing factor (CRF) and
dysregulated by chronic exposure to all major drugs of abuse. During acute
withdrawal, the adrenocorticotropic hormone, corticosterone, and
amygdala CRF are elevated (Kreek & Koob, 1998; Koob & Le Moal, 2005,
2008b). Thus, the pharmacological blockade of CRF reversed the
anxiogenic-like effects observed during acute withdrawal from all major
drugs of abuse (Funk et al., 2006; George et al., 2007; Specio et al., 2008).

Therefore, although drug consumption is initially triggered by the positive
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reinforcing effects of drugs of abuse, negative reinforcement is a crucial
component for maintaining drug use (Koob & Le Moal, 2001).

Smokers also maintain nicotine consumption to avoid or alleviate the
distressing withdrawal symptoms rather than to obtain the positive
reinforcing effects of nicotine (Koob & Le Moal, 2008b; Koob, 2013).
Indeed, nicotine withdrawal syndrome is considered a major cause of
relapse into smoking (Le Foll & Goldberg, 2009). Thus, the severity and the
duration of withdrawal symptoms have been suggested to predict relapse
in abstinent smokers (Killen & Fortmann, 1997; Rukstalis et al., 2005; Allen
et al., 2008; Zhou et al., 2009; Ashare & Schmidt, 2014). The wide range of
undesirable effects that are produced by smoking cessation can be
classified as somatic, affective and cognitive withdrawal symptoms
(Hughes & Hatsukami, 1986; Hughes, 2005). Somatic or ‘physical’ signs of
withdrawal include bradycardia, gastrointestinal discomfort, fatigue,
insomnia, and restlessness. The affective or ‘emotional’ withdrawal
symptoms include depressed mood, irritability, severe craving for
nicotine, anxiety and decreased arousal. Cognitive deficits associated with
nicotine withdrawal include impairments in attention, working memory
and episodic memory (Hughes, 2007; Wesnes et al., 2013; Hall et al.,
2015). In general, all these withdrawal signs onset approx. after 4h of the
last tobacco consumption, peak within the first few days of abstinence,
and could still be observed for weeks (Benowitz, 1992; Hughes, 2007).
Chronic nicotine leads to long-lasting neuroadaptations in various brain
areas that promote and sustain recurrent nicotine-taking, whereas
nicotine cessation disrupts the equilibrium formerly reached in the
presence of nicotine. Like other drugs of abuse, nicotine withdrawal
decreases the function of the reward system, which was revealed by

dramatically increased reward thresholds in ICSS experiments (Epping-
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Jordan et al., 1998), by decreased DA levels in the VTA, NAc (Natividad et
al., 2012), and striatum (Zhang et al., 2012), as well as and increases in the
function of striatal DATs (Hadjiconstantinou et al., 2011). In agreement,
nicotine withdrawal decreased tonic but not phasic activity of VTA DA
neurons (Grieder et al., 2012), and decreased both tonic and phasic DA
release in the NAc (Zhang et al., 2012). Moreover, like stressful and
aversive stimuli, nicotine withdrawal increases DA release in the PFC
(Carboni et al., 2000), which may contribute to the anxiety-related
behaviors associated with this process.

Nicotine withdrawal also modulates the glutamatergic system, leading to
a decreased glutamatergic transmission in the mesocorticolimbic system
(Li et al., 2014), compensatory changes in GIuRs and a decrease in the NAc
proteins involved in glutamatergic signaling. Accordingly, acute nicotine
withdrawal resulted in fewer NMDARs in the PFC (Kenny et al., 2009), and
decreased mGIuR2/3 function in the VTA and NAc (Liechti et al., 2007).
Acute withdrawal in rats following nicotine self-administration displayed
a decreased expression of the glutamate exchanger xCT in the NAc and
VTA and the glial glutamate transporter 1 in the NAc (Knackstedt et al.,
2009).

As opposed to the affective symptoms of nicotine withdrawal, the
mechanisms and brain regions underlying physical symptoms of nicotine
abstinence have not been fully clarified. The habenula and the
interpeduncular nucleus play an important role in the somatic symptoms
of nicotine withdrawal (Salas et al., 2009). Thus, the nAChR antagonist
mecamylamine precipitated nicotine withdrawal in mice chronically
treated with nicotine when microinjected into the habenula or
interpeduncular nucleus but not into the cortex, VTA and HPC. However,

nicotine withdrawal syndrome is absent in a5, B4 or a2 KO mice (Baldwin
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et al., 2011; De Biasi & Dani, 2011). Therefore, it has been proposed that
signaling through a2*, a5* and B4* containing nAChRs in the habenulo-
interpeduncular pathway participates in the manifestation of somatic

symptoms of nicotine withdrawal.

4.3.4 Long-term abstinence: Relapse to nicotine consumption

The act of engaging drug-seeking after a period of drug abstinence is
termed relapse and defines addiction as a chronic relapsing disorder. A
particularly troublesome aspect of drug addiction is that the vulnerability
to relapse persists for years even in the absence of repeated drug use,
which remains the major clinical health concern (Koob et al., 1997; Koob
& Le Moal, 2008a; Koob & Volkow, 2016). Craving is often seen as the
emotional state that triggers drug-seeking, however, craving in itself has
been difficult to measure in human clinical studies and does not always
correlate with relapse (Tiffany et al., 2000).

Abstinent smokers remain vulnerable to relapse even years after cessation
of tobacco smoking. Relapse to tobacco can be triggered by a single
smoked cigarette (re-exposure) (Liu, 2016). Stress also plays an important
role in relapse to smoking. External stressors are important triggers of
relapse, and nicotine withdrawal itself produces a “stress-like state” of
negative affect (Hughes, 2007; Wardle et al., 2011). Another important
factor for the relapse to drug-seeking is the exposure to environmental
stimuli previously associated with the abused drug (Franklin et al., 2007,
Liu, 2016). Smoking may be particularly effective in establishing the
incentive properties of nicotine-associated environmental stimuli (cues),
including the smell and taste of cigarettes or contexts where smoking

occurs.
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The use of animal models has been determinant to advance in the study
of the mechanisms underlying relapse. Reinstatement models of relapse
in animals have been shown to reinstate drug-seeking behavior by either
the re-exposure to the drug, stress or drug-associated conditioned cues
(Shaham et al., 2003; Crombag et al., 2008; Venniro et al., 2015).
Drug-induced reinstatement of seeking-behavior in rats involves
glutamatergic projections from the PLC to the NAc that is modulated by
DA activity through D1 and D2 receptors in the frontal cortex (Everitt &
Wolf, 2002). Stress-induced reinstatement of drug-related responding in
animal models appears to depend on the activation of both CRF and
norepinephrine in elements of the extended AMG and the VTA (Shaham
et al., 2000, 2003; Bossert et al., 2005). In contrast, human imaging studies
have shown increased activation of the prefrontal cortex and anterior
cingulate gyrus during cue-induced craving in smokers (Lee et al., 2005;
Goudriaan et al., 2010). Furthermore, cue-induced reinstatement of drug-
seeking behavior in rodents involves glutamatergic projections from the
PLC, BLA, and ventral subiculum to the NAc, and DA modulation in the BLA
and dorsal striatum (Everitt & Wolf, 2002; Vanderschuren et al., 2005).
However, these findings are predominantly based on cocaine, heroin and
alcohol relapse, much less is known about the reinstatement of nicotine-
seeking, and the neurobiological mechanisms involved remain are poorly
understood.

The reinstatement of nicotine-seeking in rodents can also be triggered by
nicotine-priming (Liu, 2016), stress (Bruijnzeel et al., 2009; Plaza-Zabala et
al., 2010; Feltenstein et al., 2012) and environmental cues (Martin-Garcia
et al., 2009; Feltenstein et al., 2012; Gipson et al., 2013). However, many
studies reported difficulties to reinstate nicotine-seeking by nicotine-

priming (Martin-Garcia et al., 2009; Feltenstein et al., 2012). Hence, most
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of the knowledge is based on the research of stress and cue-induced
reinstatement of nicotine-seeking.

Stress-induced reinstatement was abolished by the blockade of the CRF1
receptor in rats (Bruijnzeel et al., 2009) and mice (Plaza-Zabala et al.,
2010) that further establishes the important role of the brain stress
system in the addictive properties of nicotine.

The cue-induced reinstatement of nicotine-seeking involves a plethora
neurotransmitter systems, including the orexin system (Plaza-Zabala et al.,
2013), the endogenous cannabinoid system (Cohen et al.,, 2005;
Gamaleddin et al., 2015), the endogenous opioid system (EQS) (see
section 5.6) (Liu et al., 2009), and the GABAergic system (Paterson et al.,
2005; Fattore et al., 2009; Vlachou et al., 2011; Lubbers et al., 2014).
Nevertheless, research of the last decade mainly focused on the
glutamatergic system. Accordingly, pharmacological blockade of the
mGluR1 (Dravolina et al., 2007) and mGIuR5 decreased cue-induced
reinstatement of nicotine-seeking but not food-seeking (Tessari et al.,
2004; Bespalov et al., 2005). Furthermore, intra-NAc shell administration
of the mGIuR2/3s agonist LY379268 and N-acetylcysteine attenuated cue-
induced reinstatement of both nicotine- and food-seeking (Liechti et al.,
2007; Ramirez-Nifio et al., 2013). Lastly, intra-NAc core and systemic
injections of specific NMDAR subunit NR2A and NR2B antagonists were
shown to abolished cue-induced reinstatement of nicotine-seeking,
respectively (Gipson et al., 2013).

Together, these results indicate that negative modulation of glutamatergic
transmission attenuates cue-induced reinstatement of nicotine-seeking

(D’Souza & Markou, 2013).
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5 The endogenous opioid system

The EOS is integrated by opioid receptors (ORs), their endogenous peptide
ligands and the enzymes involved in their metabolism. This system is
largely distributed through the CNS and peripheral tissues, and plays an
important role in the control of multiple physiological and
pathophysiological responses to exogenous and endogenous stimuli such
as respiration and gastrointestinal motility, nociception, stress,
locomotion, emotional behaviors, learning and memory and the
regulation of reward circuits, among others (Olson et al., 1991; Bodnar,

2013, 2017).

5.1 Historical overview

Opium is extracted from poppy seeds (Papaver somniferum) and
consumed for several thousand years to relieve pain and obtain euphoria.
Morphine, the most active alkaloid extracted from opium, was the first
opioid to be isolated by Friedrich Sertiirner in 1805 (Figure 30).

Almost one hundred and seventy years later the existence of membrane
receptors for opiate drugs was discovered by three different groups (Pert
& Snyder, 1973; Simon et al., 1973; Terenius, 1973). Some years later,
different opioid binding sites were identified which let assume that ORs
did not constitute a homogenous population. They were distinguished
between the p-opioid receptor (MOR) which was stimulated by morphine,
the k-opioid receptor (KOR) which binds ketocyclazocine, and the sigma
type which has a high affinity for SKF-10,047 (Martin et al., 1976). One year
later, the 6-opioid receptor (DOR) was identified in mouse vas deferens
(Figure 30) (Lord et al., 1977). Additional research revealed that the sigma-

type receptor is a non-opioid (see section 6), thus the main types of ORs
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are MOR, DOR and KOR (Manallack et al., 1986). The endogenous ligands
Met- and Leu-enkephalins were identified in 1975. Altogether, three
families of endogenous opioid peptides precursors were identified in the
late ‘70s, including pre-proenkephalin (PENK), pre-prodynorphin (PDYN)
and proopiomelanocortin (POMC) (Figure 30) (Guillemin et al., 1976; Li &
Chung, 1976; Goldstein et al., 1979). The genes encoding those precursor
families were first isolated in the early ‘80s (Nakanishi et al., 1979; Comb
et al., 1982; Gubler et al., 1982; Kakidani et al., 1982; Noda et al., 1982).
The first opioid receptor gene, encoding the DOR, was isolated by
expression cloning in 1992 (Evans et al., 1992; Kieffer et al., 1992),
followed by the MOR and KOR genes that were cloned by homology
(Figure 30) (Chen et al., 1993; Simonin et al., 1994, 1995). Only a few years
later, the first constitutive knock out (KO) mice deficient in EOS
components, including the MOR (Matthes et al., 1996), DOR (Filliol et al.,
2000) and KOR (Simonin et al., 1998), as well as the endogenous opioid
peptide precursors PENK (Konig et al., 1996) and PDYN (Sharifi et al., 2001)
and the endogenous opioid ligand B-endorphin (Rubinstein et al., 1996),
have been generated by homologous recombination (Figure 30). On this
basis and by Cre loxp recombination, conditional KO mice restricted to
primary afferent nociceptive neurons and GABAergic forebrain neurons
have been created targeting the MOR (Weibel et al., 2013; Charbogne et
al., 2017) and DOR (Figure 30) (Gaveriaux-Ruff et al., 2011; Chung et al.,
2015; Reiss et al., 2017). In addition, the 3D crystal structure of all three
receptors was elucidated very recently at high-resolution by X-ray
crystallography (Figure 30) (Granier et al., 2012; Manglik et al., 2012; Wu
et al., 2012).
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Figure 30. Milestone discoveries in opioid research.
(Charbogne et al., 2014). Abbreviations: 3-endorphin (bend), conditional knockout
(cKO), dynorphin (dyn), enkephaline (enk), knockout (KO), opioid receptor (OR).

5.2 Opioid receptors

5.2.1 Gene and structure

As already mentioned, three classical ORs have been identified and cloned
in experimental animals and humans (Kieffer, 1999). A non-classical opioid
receptor, the nociceptin or orphanin receptor (NOR or opioid receptor-like
1, ORL-1) was identified later on and was accepted to be part of the ORs
family (Bunzow et al., 1994; Mollereau et al., 1994), although it is
considered to belong to an ‘anti’-opioid system owed to its
pharmacological actions (Anton et al., 1996).

ORs belong to the superfamily of G protein-coupled receptors (GPCRs).
They possess seven-transmembrane domains for anchorage in the cell
membrane, an extracellular N-terminal and an intracellular C-terminal
domain (Figure 31). Although each OR receptor is encoded by a unique
gene sequence (Oprml, Oprdl, Oprkl, Oprll), they present a high
homology in the sequence identity in both, transmembrane (73%-76%)

and intracellular domains (63%-66%). In contrast, a large divergence is
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reported in the extracellular N-domains (34%-40% identity) (Pogozheva et
al., 2005; Al-Hasani & Bruchas, 2011; Toll et al., 2016). Furthermore, two
subclasses for p- (u1,42) and 6- (61,62) opioid receptors and three for k-
(k1, k2, k3,) opioid receptor, generated by post-transcriptional
modifications, were reported (Minami & Satoh, 1995). However, the
relevance of these subtypes is very polemic. In addition, hetero-
dimerization of ORs, particularly 8/k- (Jordan & Devi, 1999) and W/6-
dimers (Gomes et al., 2000) was identified. Thus, these new structures
result in novel functional properties different from those of pu-, 6- and k-
opioid receptor monomers, which could explain the pharmacological
responses of the EOS which do not coincide with those of classical OR
monomers. The crystal structures for the inactive and active state of each
receptor have been identified with atomic-level details, which allow the
definition of the unique opioid binding pockets that maintain ligand
preferences (Figure 31) (Granier et al., 2012; Manglik et al., 2012;
Thompson et al., 2012; Wu et al., 2012). These findings provide new
insights on how different agonists distinctly alter receptor conformations
to direct downstream intracellular cascades, which may ultimately lead to

more effective pharmacological treatments.
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Figure 31. Chrystal structures of inactive states of opioid receptors.

Crystal structures of the inactive states of the DOR, KOR, NOR, and the MOR, and the
conformational change of the MOR in the transmembrane domains due to agonist binding
that enables intracellular effector molecules to bind and activate signaling cascades that
modulate neural function (Corder et al., 2018). Abbreviations: §-opioid receptor (DOR), k-
opioid receptor (KOR), p-opioid receptor (MOR), nociception receptor (NOR)
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5.2.2 Opioid cellular signaling

All four ORs couple to inhibitory pertussis toxin-sensitive G proteins
(Goi and Gyo) (Charbogne et al., 2014). Upon activation by endogenous
or exogenous agonists, the two G protein subunits G, and Gg,
dissociate from one another and subsequently engage a variety of
effectors and intracellular signaling cascades that typically depress
neural excitability. After dissociation, the G4 subunit inhibits adenylate
cyclase (AC) activity reducing cyclic adenosine monophosphate (cAMP)
production (Law et al., 2000). The Gg, subunit positively modulates the
G protein gated inwardly rectifying potassium channels (GIRK) at the
postsynaptic level (Wickman & Clapham, 1995; Torrecilla et al., 2002).
At the same time, the Gg, subunit inhibits N-, P/Q- and L-type voltage-
gated calcium channels at a presynaptic level (Zamponi & Snutch,
1998). These processes lead to neuronal hyperpolarization, which
results in reduced neuronal excitability and inhibition of

neurotransmitter release (Figure 32).

Basal Opioids

Action Action
potential potential

}

Opioid
receptor
activated

Opioid
receptor
° ° ® ° o activated @
a5 By ¥R B
& ) AMp < Q; Hyperpolarization

Signal transduction Reduced signal transduction
and neurotransmission and neurotransmission

Figure 32. Presynaptic and postsynaptic effect of opioid signaling.
(Corder et al., 2018). Abbreviations: Cyclic adenosine monophosphate (cCAMP)
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Besides the G protein signaling, there is an additional mechanism,
called arrestin signaling. The interaction of an OR with arrestin depends
on the cellular context, type of agonist, and model system studied
(Corder et al., 2018). Upon activation, ORs are phosphorylated by GPCR
kinases, leading to the recruitment of B-arrestin 2 or 3. Arrestins are
key proteins that bind to phosphorylated GPCRs to regulate their
activity through desensitization and internalization. Indeed, mice that
lack B-arrestin 2 show enhanced morphine antinociception and
increased CPP (Bohn et al., 1999, 2003). It was generally accepted that
internalized receptors were inactive (Bohn et al., 1999), however, more
recent studies have shown that ORs may still signal from endosomal
compartments (Irannejad et al., 2013; Eichel et al., 2016).In addition to
the modulation of G protein signaling, evidence exhibited that B-
arrestin is a key signal effector mediating an array of cellular and
behavioral responses. Phosphorylated arrestin-bound OR complexes
trigger critically important downstream signaling cascades, including
the mitogen-activated protein kinase (MAPK) cascade (Figure 33) (Al-
Hasani & Bruchas, 2011) These MAPKs, which consist of three major
proteins, including the extracellular signal regulated kinase 1 and 2
(ERK1/2), c-Jun N-terminal kinase 1-3 (JNK1-3), and p38, notably
modulate cell proliferation, differentiation, apoptosis, transcription
factor regulation, ion channel regulation, neurotransporter regulation,

and protein scaffolding (Raman et al., 2007).
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Figure 33. G protein and arrestin signalin upon ligand binding.
(Corder et al., 2018). Abbreviations: c-Jun N-terminal kinase (JNK), extracellular signal
regulated kinase 1 and 2 (ERK1/2), Cyclic adenosine monophosphate (cAMP)

5.2.3 Anatomical and subcellular distribution

Opioid receptors are widely distributed throughout the central and
peripheral nervous system (Mansour et al., 1988; Stein & Lang, 2009). In
the CNS ORs are expressed primarily in the cortex, limbic system, and brain
stem (Mansour et al., 1994; Neal et al., 1999), whereby each component
has a distinct expression pattern. On the one hand, ligand
autoradiography and in situ hybridization studies have determined the
opioid binding sites (receptor protein). On the other hand, the distribution
of cell bodies that express ORs was based on the detection of mRNA (Le
Merrer et al., 2009). Interestingly, the sites of OR expression (mRNA)
generally match the distribution of binding sites (protein), suggesting that
many neurons that synthesize ORs are local neurons (Le Merrer et al.,

2009).
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The binding sites for MORs, DORs, and KORs overlap in most structures,
nevertheless, some structures exhibit higher expression of one receptor
subtype over the others. Accordingly, MORs are the most expressed opioid
receptor in the AMG, but not in the central nucleus of the AMG, thalamus,
mesencephalon, and some brain stem nuclei. KORs are the most
represented receptors in the basal anterior forebrain, including the
claustrum and endopiriform cortex, olfactory tubercle, striatum, preoptic
area, hypothalamus, and pituitary gland. DORs are highly expressed in the
striatum and are the most abundant receptors in the olfactory tract
(olfactory bulbs, anterior olfactory nucleus, olfactory tubercle, medial
AMG) and the cortices, including the whole neocortex and regions of the
AMG that derive ontogenically from the cortex (basolateral, cortical, and
median nuclei) (Figure 34) (Le Merrer et al., 2009; Lutz & Kieffer, 2013).

In addition, ORs have also been found in immune cells and various
peripheral tissues including the gastrointestinal system, dermis, and
epidermis (around hair follicles), bone, joint tissue and in dental pulp
(Bigliardi & Bigliardi-Qi, 2014). In these tissues, they are expressed in
sensory and sympathetic fibers where they modulate different
physiological effects (Mansour et al., 1988; Przewtocki & Przewtocka,

2001).
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Figure 34. Anatomical distribution of opioid receptors in the rodent brain

(Le Merrer et al., 2009). Abbreviations: Nucleus ambiguous(Amb), anterodorsal thalamus
(AD), anterior lobe pituitary (AL), anterior olfactory nucleus (AON), arcuate nucleus
hypothalamus (Arc), basolateral amygdala (BLA), bed nucleus of the stria terminalis
(BNST), central nucleus of amygdala (CeA), claustrum (Cl), centrolateral thalamus (CL),
centromedial thalamus (CM), cortical nucleus of amygdala (CoA), caudate putamen (CPu),
cerebellar nuclei (CrbN), dorsomedial hypothalamus (DMH), dorsal and medial
raphe’(DMR), dorsal tegmental nucleus (DTN), endopiriform cortex (En), entorhinal
cortex (Ent), frontal cortex (FrCx), nucleus gelatinosus of thalamus (G), globus
pallidus/ventral pallidum (G/VP), lateral habenula (HbL), medial habenula (HbM),
hippocampus (HPC), intermediate lobe of pituitary (IL), interpeduncular nucleus (IP), locus
coeruleus (LC), laterodorsal thalamus (LD), lateral geniculate of thalamus (LG), lateral
hypothalamus (LH), lateral reticular nucleus (LRN), mediodorsal thalamus (MD), median
eminence (Me), median nucleus of amygdala (MEA), medial geniculate (MG), medial
mammillary nucleus (MM), medial vestibular nucleus (MV), nucleus accumbens (NAc),
neuronal lobe of pituitary (NL), nucleus reticularis gigantocellularis (NRGC), nucleus
tractus solitarius (NTS), occipital cortex (OCx), periaqueductal gray (PAG), parietal cortex
(PCx), piriform cortex (Pir), pontine nucleus (PN), pontine reticular (PnR), posterior
thalamus (PO), preoptic area (POA), pedunculopontine nucleus (PPTg), presubiculum
(PrS), paraventricular thalamus (PV), paraventricular hypothalamus (PVN), reuniens
thalamus (RE), red nucleus (RN), raphe” magnus (RM), supraoptic nucleus (SON),
substancia nigra (SN), sensory trigeminal nucleus (SNT), spinal trigeminal nucleus (STN),
temporal cortex (TCx), thalamus (Th), olfactory tubercle (Tu), trapezoid nucleus (Tz),
ventrolateral thalamus (VL), ventromedial thalamus (VM), ventromedial hypothalamus
(VMH), ventroposterolateral thalamus (VPL), ventral tegmental area (VTA), zona incerta

(21)
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5.3 Endogenous opioid peptides

5.3.1 Gene and structure
ORs are activated by four major families of endogenous opioid ligands,
including B-endorphin, enkephalins, dynorphins and nociceptin/orphanin

FQ (Figure 35) (Kieffer & Gavériaux-Ruff, 2002; Corder et al., 2018).
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Figure 35. Chemical structures of the four main classes of opioid peptides.
B- endorphin, met-enkephalin, dynorphin-A and nociceptin (Corder et al., 2018).

These opioid peptides derive from four major families of endogenous
opioid peptide precursors, including POMC, PENK, PDYN, and PNOC,
respectively (Corder et al., 2018). The precursors are characterized by
repeatedly having certain amino acid sequences along their structure and
thus generating several active peptides due to enzymatic cleavage.

Accordingly, POMC can be spliced into B-endorphin, as well as
adrenocorticotropic hormone (ACTH), melanotropic hormones (MSHs)

and Met-enkephalin. PENK is the main precursor for Met-enkephalin, Leu-
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enkephalin and the related heptapeptide Met-enkephalin-Arg(6)-Phe(7)
and octapeptide Met-enkephalin-Arg(6)-Gly(7)-Leu(8). Dynorphin A,
dynorphin B and a- and B-neo-endorphin, as well as Leu-enkephalin, are
derived from PDYN (Patey & Rossier, 1986; Florez, 2007), and nociceptine,
nocistatin and orphanin FQ2 are the active peptides after cleavage of
PNOC (Figure 36) (Florez, 2007). In addition, two additional short peptides,
endomorphin-1 and -2, that display a high selective affinity for MORs were
reported (Zadina et al.,, 1997). However, neither the genes nor the

precursor peptides for their endogenous synthesis have been identified.

. Met-enkephalin (Tyr-Gly-Gly-Phe-Met) . Leu-enkephalin (Tyr-Gly-Gly-Phe-Leu)

Proopiomelanocortin (POMC): 267 aa
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Figure 36. Precursor proteins of opioid peptides.
(adapted from Flérez, 2007). Abbreviations: Adrenocorticotropic hormone (ACTH),
Corticotropin-like intermediate peptide (CLIP), Melanocyte stimulating hormone (MSH)
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The endogenous opioid peptides all contain the enkephalin sequence Tyr-
Gly-Gly-Phe-Met/-Leu at their N-terminus, however, they exhibit different
affinities for each OR. B-endorphin is the main endogenous ligand for
MORs but also binds to DORs and KORs with less affinity. The affinity of
met- and leu-enkephalins is 20-fold higher to DORs than to MORs, the
dynorphins are the putative endogenous ligands for KORs, and nociceptin
exhibits a high and selective affinity for NORs (Table 2) (Roth-Deri et al.,
2008).

Contrasting with the tight, spatially controlled synaptic transmission of
small-molecule transmitters such as glutamate or dopamine, opioids are
thought to rely on volumetric release into synaptic and extra-synaptic
spaces and diffuse toward their receptors (Duggan, 2000; Banghart &
Sabatini, 2012; Chavkin, 2013). Indeed, electron microscopy illustrates
that most MORs are extra-synaptic, being hundreds of microns away from
release sites (Svingos et al., 1996; Glass et al., 2009). This implies that
opioid synapses may include a much broader area than typical fast

transmitter synapses.
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Table 2. The affinity of opioid ligands for opioid receptors.
Affinity from - (no affinity) to +++ (high affinity). Adapted from (Kieffer, 1995; Roth-Deri et

al., 2008).
Precursor
Opioid peptide MOR DOR KOR NOR
protein
POMC B-endorphin +++ ++
Met-enkephalin ++ +++
PENK
Leu-enkephalin ++ +++
Dynorphin-A ++ +4++
Dynorphin-B + + 4+
PDYN a-neoendorphin + + 4+
B-neoendorphin + + 4+
Leu-enkephalin ++ +++
PNOC Nociceptin +4++

5.3.2 Anatomical and subcellular distribution

Opioid peptides are widely distributed throughout the central and
peripheral nervous system (Mansour et al., 1988; Stein & Lang, 2009). The
distribution of opioid peptide-containing neuronal fibers and cell bodies
has been assessed by immunohistochemistry, while in situ hybridization
studies completed the mapping of opioid cell bodies (Le Merrer et al.,
2009). Mismatches exist between the distribution of opioid peptide
immunoreactivity and the localization of cell bodies. The discrepancies
between peptide and cell body maps suggest that an important proportion
of opioid peptides is released by projecting neurons (Le Merrer et al.,

2009). Indeed, the opioid precursors are packaged into dense core vesicles
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in the soma and transported down to axon terminals. Precursor proteins
are cleaved during this process into opioid peptides (Corder et al., 2018).
Opioid peptide immunoreactivity in projection fibers overlaps largely with
the localization of ORs. PENK is the most abundant and widely distributed
opioid precursor and is best detected in the thalamus, where it overlaps
with MORs. PDYN is also widespread with the highest concentration in the
NAc but near absence in the thalamus. POMC shows a more restricted
distribution and is absent from cortical structures except for the AMG

(Figure 37) (Le Merrer et al., 2009).
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Figure 37. Anatomical distribution of opioid peptides in the rodent brain.
(Le Merrer et al., 2009). See abbreviations in Figure 34

102



Introduction

5.4 The physiological role of the endogenous opioid system

The EOS in the control of multiple physiological responses due to its
widespread distribution in the central and peripheral nervous
system(Bodnar, 2017). Thus, the EOS has been the subject of a vast
number of investigations. The control of pain is probably the most well
studied physiological function. However, this system is involved in a wide
range of functions related to behavior, such as reward and addiction,
stress and social status, learning and memory, mental and mood
disorders, food intake, gastrointestinal transit, respiratory, cardiovascular
and immunological functions, among others (Bodnar, 2017). For the aim
of this thesis, we will focus our attention on the role of the EOS in nicotine

addiction.

5.5 Opioid signaling in the mesocorticolimbic circuit

Due to its high expression within the mesocorticolimbic pathway, the EOS
is strongly involved in the modulation of mood, motivation,
reinforcement, learning, and memory (Shippenberg et al., 2007; Bodnar,
2017). The EOS modulates mesocorticolimbic activity mostly by inhibiting
neuronal activity upon receptor activation (see section5.2.2). However,
ORs modulate both the rewarding and aversive properties of opioids due
to their differential expression patterns (Arbuthnott, 1992)..

Systemic administration of MOR agonists increased DA release in the NAc
(Di Chiara & Imperato, 1988; Yoshida et al., 1999). Furthermore, several
studies used intracerebral micro-injections to better assess the specific
brain areas in which MORs develop their rewarding properties.
Accordingly, VTA micro-injections of MOR agonists enhanced basal DA
release in the NAc (Spanagel et al., 1992; Devine et al., 1993; Yoshida et

al., 1999), an effect blocked by pretreatment with a selective MOR
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antagonist (Devine et al., 1993). In contrast, MOR antagonists alone in the
VTA decreased accumbal DA (Spanagel et al., 1992). MORs are highly
expressed on GABAergic terminals in the VTA and GABA input to DA
neurons is reduced by the activation of MORs, resulting in an increase in
the firing rate of DA neurons. The disinhibition of DA neurons upon MOR
activation was originally thought to be mediated by local interneurons
(Johnson & North, 1992b). However, more recent studies found a dense
opioid sensitive GABA input to DA neurons from the RMTg (Jhou et al.,
2009; Kaufling et al., 2009), and morphine increased VTA DA neuron firing
through the activation of VTA MOR receptors expressed on afferents from
the RMTg (Jalabert et al., 2011). A follow-up study selectively activated the
three major GABAergic inputs onto DA neurons (Interneurons, NAc, RMTg)
(Figure 11) and demonstrated that MOR agonist-induced GABAergic
depression was pathway-dependent with the strongest effect on
GABAergic projection neurons originating in the RMTg (Matsui et al.,
2014). VTA-injections of a DOR agonist also increase basal accumbal DA
levels that was reversed by DOR antagonists (Devine et al., 1993). KOR
agonists microinjected in the VTA had no effect, but decreased DA levels
when systemically administered, indicating a lack of a regulatory role of
KORs in the VTA (Devine et al., 1993).

ORs also play a crucial role in the control of the reward circuit in the NAc.
Indeed, local administration of MOR agonists in the NAc increased DA
levels in the NAc as well. The DA increase could be reversed by systemic
administration of non-specific OR antagonist and intra-NAc injections of a
MOR antagonist (Yoshida et al., 1999). MOR antagonists in the NAc could
also block electrically evoked DA release in the NAc further substantiating
the important role of MORs in regulating DA release (Gémez-A et al.,

2019). Similar to the VTA, DOR agonists also increased basal accumbal DA
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(Hirose et al., 2005). More strikingly, 6,- but not 6;-antagonists were able
to decrease MOR agonist-induced DA increases (Yoshida et al., 1999;
Hirose et al., 2005). Suggesting that activated MORs may interact with &,-
opioid receptors. In contrast to MORs and DORs, stimulation of KOR within
the NAc decreased DA release, whereas their selective blockade markedly
increased basal DA release (Spanagel et al., 1992). In agreement, in vitro
studies have shown that KOR activation inhibited electrically evoked DA
release in the NAc (Heijna et al., 1992; Yokoo et al., 1992). More recent
evidence indicated that KORs regulate DA uptake (Thompson et al., 2000).
Indeed, KORs are co-localized with DATs in NAc nerve terminals (Svingos
et al., 2001). Autoradiographic studies have shown that DAT density and
the maximal velocity of transport are reduced for at least three days
following cessation of repeated KOR agonist treatment (Thompson et al.,
2000; Collins et al., 2001), suggesting that in contrast to acute KOR
activation, down-regulation of DAT may occur as a consequence of chronic
KOR agonist exposure.

Whereas reward-modulatory opioid actions have been intensively studied
in subcortical sites such as the NAc, the role of cortical opioid transmission
has received comparatively little attention. Systemic administrations of
MOR agonists were found to mainly inhibit the spontaneous firing of cells
in the mPFC, which could be reversed by a MOR antagonist.
Electrophoretic application of a selective MOR agonist reproduced the
effects of systemic morphine to a more limited degree (Giacchino &
Henriksen, 1996). In a follow-up study, the authors demonstrated that
systemic administration of a MOR agonists attenuate mPFC excitatory
response to glutamate, but not to ACh. Furthermore, electrophoresed
MOR agonists into the mPFC attenuated the response of prefrontal

cortical cells to activation of excitatory afferents from the mediodorsal
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thalamus, and to a lesser degree, from the BLA and HPC. Both modulations

were reversed by MOR antagonists (Giacchino & Henriksen, 1998)

5.6 Involvement of the endogenous opioid system in SUD:

Focus on nicotine

The involvement of the EOS in SUDs was intensively studied over the last
three decades. A large body of evidence proposes the EOS as a promising
target to treat SUDs of all major legal and illicit drugs of abuse, including
opiates, alcohol, nicotine, psychostimulants and also palatable food (Trigo
et al., 2010; Charbogne et al., 2014). A detailed description would reach
beyond the scope of this work, hence this work will mostly focus on
nicotine.

The EQS is thought to have a crucial role in mediating nicotine’s rewarding
and aversive effects, although nicotine is actively acting on nAChRs.
However, nicotine can activate the EOS due to the ability of nAChRs to
facilitate neurotransmitter release (see section 3), including endogenous
opioids at central and peripheral levels. Indeed, plasma concentrations of
B-endorphin were increased in rats (Conte-Devolx et al., 1981), and
humans (del Arbol et al., 2000) by nicotine administration. In agreement,
B-endorphin concentration was elevated in the hypothalamus of rodents
after acute nicotine administration (Marty et al., 1985). Furthermore,
MRNA levels of PDYN and MOR were also elevated in the mouse striatum
after chronic nicotine administration (Wewers et al., 1999), and acute
nicotine increased and chronic nicotine administration decreased PENK
MRNA expression in striatum and HPC (Houdi et al., 1998), however, PENK
protein expression in the striatum was increased after both acute and
chronic nicotine administration (Dhatt et al., 1995). Upon nicotine

withdrawal, PENK mRNA was shown to be increased in the striatum and
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HPC (Houdi et al., 1998). This accumulated evidence let to the assumption
that the EOS could also be involved in the reinforcing properties of
nicotine. Indeed, CPP was decreased in KO mice deficient in PENK, B-
endorphin, MOR and DOR (Berrendero et al., 2002a, 2005; Walters et al.,
2005; Trigo et al., 2009; Berrendero et al., 2012). In accordance, systemic
and intra-VTA infusions of a MOR antagonist abolished nicotine-induced
elevations in DA extracellular levels in the NAc (Tanda & Di Chiara, 1998).
Similarly, nicotine-elicited enhancement of DA transmission in the NAc is
absent in mice lacking PENK (Berrendero et al., 2005), and DOR
(Berrendero et al., 2012) In agreement, nicotine self-administration was
also decreased in DOR KO mice and a selective DOR antagonist dose-
dependently attenuated nicotine self-administration (Berrendero et al.,
2012), further substantiating the notion that DOR/PENK signaling
contributes to the reinforcing properties of nicotine. In contrast, the
KOR/dynorphin system seems to play an opposite role in nicotine reward
as treatment with a KOR agonist reduced the number of infusions
obtained by nicotine self-administering rats (Ismayilova & Shoaib, 2010),
and mice lacking PDYN showed enhanced sensitivity to nicotine self-
administration (Galeote et al, 2009), which suggests that the
KOR/dynorphin system mediates nicotine’s aversive effects. In addition,
the use of MOR and DOR antagonists (Balerio et al., 2005) and knockout
mice lacking B-endorphin (Trigo et al., 2009) revealed that these receptors
are mediating the anxiolytic- and anxiogenic-like effects of nicotine.

The EOS is also involved in the withdrawal syndromes induced by nicotine.
In humans, the opioid antagonist, naloxone has been reported to induce
somatic signs of withdrawal in heavy chronic smokers (Krishnan-Sarin et
al., 1999). In rodents, opioid antagonists precipitated somatic

manifestations of withdrawal in nicotine-dependent animals (Balerio et
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al., 2004). MOR/PENK signaling seems to be specifically involved in the
somatic manifestations of nicotine withdrawal since the withdrawal signs
were attenuated in chronically nicotine-treated PENK (Berrendero et al.,
2005) and MOR KO (Berrendero et al., 2002a) mice. In contrast, no
differences were observed comparing wild-type controls and mice lacking
PDYN (Galeote et al., 2009), DOR (Berrendero et al., 2012), and B-
endorphin (Trigo et al., 2009). However, another study indicated increased
activity of striatal, particularly accumbal, dynorphinergic neurons during
nicotine withdrawal resulting in enhanced peptide release and
compensatory synthesis that might be responsible, in part, for the
emergence of the negative affective states observed during nicotine
withdrawal (Isola et al., 2008).

The involvement of the EOS in nicotine relapse is almost unknown.
Pretreatment with KOR antagonist norbinaltorphimine elicited stress-
induced but not nicotine-induced reinstatement of CPP (Jackson et al.,
2013). Another study could block cue-induced nicotine reinstatement by
opioid antagonist naltrexone (Liu et al., 2009), which indicates an
involvement of the EOS in nicotine relapse, but it is still unknown neither
which opioid receptor nor which endogenous ligand particularly mediates

nicotine reinstatement.
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6 The sigma-1 receptor

6.1 Historical overview

Sigma receptors were discovered in 1976 by Martin et al. (Martin et al.,
1976). Initially, these receptors were misclassified as an opioid receptor
subtype sensitive to phencyclidine due to the cross-reactivity of some
opioid ligands. Sigma receptors are now considered to be unique non-
opioid and non-phencyclidine binding sites present in the CNS and
peripheral organs distinct from other known neurotransmitter or
hormone receptors (Quirion et al., 1992). Based on pharmacological and
molecular differences, the sigma receptor was classified into two
subtypes, the sigma-1 receptor (Sig-1R) and the sigma-2 receptor (Sig-2R)
(Hellewell & Bowen, 1990; Quirion et al., 1992). Although the Sig-2R was
identified as progesterone receptor membrane component 1 (Xu et al.,,
2011), recent studies showed that the Sig-2R and the progesterone
receptor membrane component 1 are two distinct molecular entities
(Abate et al., 2015; Chu et al., 2015; Pati et al., 2017). In 2017, the gene
sequence that codes for the Sig-2R was identified and its identity was
revealed as transmembrane protein 97, a binding partner of the lysosomal
cholesterol transporter NPC1 (Alon et al., 2017). Sig-2Rs are proposed to
be involved in mechanisms underlying proliferation, apoptosis,
dendritogenesis, synaptogenesis and neuronal plasticity, activation of
cytochrome P450, and steroid signalling, among others (Cahill, 2007; Lésel
et al., 2008; Rohe et al., 2009). This work has been focused on Sig-1Rs as

a potential target for the treatment of SUD.
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6.2 Gene and structure

The Sig-1R was first cloned in 1996 from guinea pig liver (Hanner et al.,
1996), and later from human cell lines (Kekuda et al., 1996), human brain
(Prasad et al., 1998), rat brain (Seth et al., 1998; Mei & Pasternak, 2001)
and mouse kidney and brain (Seth et al., 1997; Pan et al., 1998). In
humans, the Sig-1R gene is located on chromosome 9 (chromosome 4 in
mice, and 5 in rats) and is translated into a protein of 223 amino acids with
a molecular mass of approx. 24 kDa. The Sig-1R sequence is highly
homologous across species (90% identity and 95% similarity) and shares
no homology with any known mammalian protein (Hanner et al., 1996;
Kekuda et al., 1996; Seth et al., 1997, 1998). The Sig-1R has two alpha-
helical transmembrane segments with both protein termini on the
cytoplasmic side of the plasma membrane or in the lumen of the
endoplasmic reticulum (ER), whereby the C-terminus possesses
chaperone activity that prevents protein aggregation (Hayashi & Su,
2007). Beside the chaperone activity, Sig-1Rs own two binding sides, the
steroid binding domain like (SBDL) | and the SBDLII, that are located at the
inner surface of the membrane, allowing hydrophobic molecules to
interact with the receptor (Figure 38). Sig-1R binding studies have
revealed high affinities for a variety of naturally occurring compounds such
as steroids and neuropeptides. However, the endogenous ligands for the

Sig-1R are as yet unknown (Fontanilla et al., 2008).
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Figure 38 The putative structural model of the Sig-1R.

Sig-1R contains two hydrophobic transmembrane regions with the N- and C- terminals in
the intracellular side of the plasma membrane or in the ER lumen. Circles represent amino
acids and the numbers correspond to the serial number of the residues. (Bolshakova et
al., 2016). Abbreviations: steroid binding domain like (SBDL), endoplasmatic reticulum

(ER)

6.3 Anatomical and subcellular distribution

Sig-1Rs are widely expressed throughout the central and peripheral
nervous systems. In the CNS, Sig-1Rs are concentrated in specific brain
areas involved in memory, emotion, sensory and motor functions, such as
the HPC, hypothalamus, olfactory bulb, several cortical layers of the PFC,
periaqueductal gray, locus coeruleus and rostroventral medulla (McCann
et al., 1994; Alonso et al., 2000). Sig-1Rs are further present in peripheral
tissue, including the digestive tract (Samovilova & Vinogradov, 1992), liver
(Hellewell et al., 1994), kidney (Hellewell et al., 1994), sexual organs

(Jansen et al., 1992), skin (Sanchez-Fernandez et al., 2013), adrenal glands
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(Hayashi & Su, 2007) and the heart (Ela et al., 1994; Bhuiyan & Fukunaga,
2011).

The location of the Sig-1Rs in the subcellular compartment is dynamic in
nature, and hence, they are found in several membranes (Hayashi & Su,
20054, b). Binding experiments using Sig-1R radioligands showed that Sig-
1Rs are especially enriched in microsomal membranes (McCann & Su,
1990; Cagnotto et al., 1994) suggesting that they are mainly located in the
ER membrane in the rat brain. Further research substantiated these
results by immunohistochemical studies showing the presence of Sig-1Rs
in the ER in neurons (Alonso et al., 2000) and glial cells (Palacios et al.,
2003; Hayashi & Su, 2005a; Jiang et al., 2006). The amino acid sequence of
the Sig-1Rs has a double-arginine ER retention signal on the N-terminus
(Figure 38). At the ER level, Sig-1Rs are located at the interface between
mitochondria and ER at the mitochondria-associated ER membrane. Upon
activation, they can redistribute to other subcellular compartments, such
as the plasma or the nuclear membrane (Morin-Surun et al., 1999; Hayashi
& Su, 2001). This dynamic relocation possibly increases the number or
type of proteins that can be targeted by the Sig-1R s (Zamanillo et al.,
2013).

6.4 Sigma-1 receptor cellular signaling

Sig-1Rs are ligand-regulated chaperones that interact with other proteins
to modulate their activity and are thought to lack their own specific
signaling machinery (Su & Hayashi, 2003; Tsai et al., 2009; Su et al., 2010).
The best characterized chaperoning effect of Sig-1Rs occurs at the
mitochondrial-associated ER membrane. There, under normal resting
conditions, Sig-1Rs form a complex via direct protein-protein interactions

with the binding immunoglobulin protein/78 kDa glucose-regulated
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protein (BiP), another ER chaperone (Hayashi & Su, 2007). Their
association and disassociation are regulated by oxidative stress, depletion
of Ca?* in the ER (Hayashi & Su, 2007; Hayashi et al., 2011), activation of
inositol-1,4,5-triphosphate (IPs) receptors via Gq-coupled metabotropic
receptors, and ligand binding (Figure 39) (Su et al.,, 2010). At the
mitochondrial-associated ER membrane, once dissociated from BiP, Sig-
1Rs can interact with unstable IP3 receptors, thus preventing IPs receptor
degradation and ensuring proper Ca* influx into the mitochondria, which
plays a central role in energy production (Figure 39) (Hayashi & Su, 2007;
Tsai et al., 2009; Zamanillo et al., 2013).

Following pharmacological treatments or during cellular stress, Sig-1Rs
can switch their client proteins from those at the mitochondrial-associated
ER membrane to others at the plasmalemma, the plasma membrane, or
nuclear envelopes (Hayashi & Su, 2003a, b; Mavlyutov & Ruoho, 2007;
Hayashi & Fujimoto, 2010). Thus, electrophysiological studies showed that
activated Sig-1Rs decreased potassium outward currents, and this effect
was reversible by the Sig-1R antagonists (Soriani et al., 1999b, a; Hayashi
& Su, 2005b). Sig-1Rs also modulate several types of presynaptic Ca%
channels in rat sympathetic and parasympathetic neurons (Hayashi et al.,
2000a; Zhang & Cuevas, 2002), and cardiac voltage-gated sodium channels
(hNav1.5) (Langa et al., 2003; Johannessen et al., 2009).

In addition to ion channels, Sig-1R activation enhanced the BDNF signaling
on the phospholipase C-IPs-Ca?* pathway in cortical neurons (Yagasaki et
al.,, 2006). PLC hydrolyzeS phosphatidylinositol 4,5-biphosphate into
diacylglycerol and IP3 (Morin-Surun et al., 1999). IP; then binds to IPs
receptors in the ER to promote Ca?* efflux into the cytoplasm.

Sig-1R activation also facilitates the phosphorylation of the NR1 subunit of
NMDARs at protein kinase C (PKC)-dependent (Ser®®® and Ser®®) and
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protein kinase A (PKA)-dependent (Ser®) sites (Kim et al., 2008; Roh et
al., 2008), thus, potentiating NMDAR currents. Direct physical interaction
of the Sig-1R with the C terminal of the NMDAR NR1 subunit has been
described (Balasuriya et al., 2013; Rodriguez-Mufioz et al., 2015). In
addition, Sig-1Rs also modulate NMDAR activity through an indirect
mechanism by inhibiting small conductance Ca®"-activated potassium
channels, which in turn potentiate NMDAR currents (Martina et al., 2007).
Furthermore, the activation of Sig-1Rs diminishes the association of the
neuronal nitric oxide synthase (nNOS) with the NR2 subunit of the NMDAR
by reducing the recruitment of nNOS to the membrane fraction and its
interaction with the postsynaptic density protein-95 (Yang et al., 2010).
Previous studies suggested that Sig-1Rs do not seem to directly interact
with G-proteins (Wilke et al., 1999; Aydar et al., 2002). However, a
functional and physical association of the Sig-1Rs have been recently
reported with MORs, DA D1 and D2 receptors and with mAChRs, indicating
a possible universal role for the Sig-1Rs in modulating GPCR agonist
function and/or GPCR trafficking (Figure 39) (Kim et al., 2010; Navarro et
al., 2010, 2013; Sanchez-Blazquez et al., 2014).

Although free forms of Sig-1Rs have not been found in the cytoplasm, Sig-
1Rs indirectly modulate intracellular kinases and synthases. The Sig-1R-
induced rise of intracellular Ca?* results in a decreased phosphorylation of
nNOS, which in turn increases enzymatic activity and increased levels of
nitric oxide. As a gas, nictric oxide can freely diffuse to neighbored cells
and stimulate the soluble guanylate cyclase to produce cyclic guanosine
monophosphate. This mechanism leads to PKC activation, which
phosphorylates and consequently activates NMDARs and ERK1/2 (Figure
39) (Roh et al., 2011).
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At the nucleus, Sig-1R activation modulates the reactive oxygen species-
induced expression of transcription factors, including NF-kB, cAMP
response element binding protein (CREB) and c-fos. Consequently, Sig-1Rs
transcriptionally regulate the gene expression of several proteins related
to inflammation, nociception, neuronal survival, synaptogenesis and
neurogenesis, such as nNOS, inducible nitric oxide synthase, the
antiapoptotic protein Bcl-2, BDNF and interleukins 8/10 (Figure 39) (Yang
et al., 2007; Meunier & Hayashi, 2010; Hayashi et al., 2011).
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Figure 39. Signal transduction pathways modulated by Sigma-1 receptor activation.
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6.5 Involvement of sigma-1 receptors in drug addiction

Under normal physiological conditions, most target proteins are not
affected by Sig-1Rs, but when they become conformationally unstable,
disturbed or stressed, the Sig-1R chaperone can assist and modulate their
activity (Hayashi et al., 2000b; Su & Hayashi, 2003; Su et al., 2010).
Therefore, Sig-1Rs are proposed to be involved in neurological diseases,
including schizophrenia, depression and anxiety, cognitive deficits,
neurodegenerative disorders, pain (Cobos et al., 2008; Maurice & Su,
2009; Zamanillo et al., 2013; Nguyen et al., 2017), and addiction to drugs
of abuse (Katz et al., 2016; Quadir et al., 2019). In addition, some unrelated
indications such as cardioprotection (Bhuiyan & Fukunaga, 2011) or cancer
(Aydar et al., 2004; Spruce et al., 2004) have also been suggested.

Relatively little is known about the involvement of Sig-1Rs in SUD. The
interest of elucidating the role of Sig-1Rs in the addictive properties of
cocaine started in 1988 when Sharkey et al. reported that cocaine binds
to Sig-1Rs. Although the affinity of cocaine for Sig-1Rs is in the UM range,
the authors argued that brain concentrations reached in cocaine
consumers would be sufficient to bind Sig-1Rs (Sharkey et al., 1988). Few
years after this discovery, first studies reported that Sig-1R antagonists
blocked acute cocaine-induced locomotor stimulation (Menkel et al.,
1991), as well as sensitized locomotor responses to cocaine (Ujike et al.,
1992; Witkin et al., 1993), and the convulsive effects and lethality induced
by cocaine (Liu et al., 2007b). The same effects were also attenuated by
antisense oligodeoxynucleotides against Sig-1Rs (Matsumoto et al., 2002).
In addition to cocaine, methamphetamine binds to both subtypes of sigma
receptors (ltzhak, 1993), with a 22-fold preferential affinity for the Sig-1R
subtype (Nguyen et al., 2005). Similar to the results obtained with cocaine,

Sig-1R antagonists significantly attenuated the locomotor stimulatory
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effects of methamphetamine (Nguyen et al, 2005), and
methamphetamine-induced behavioral sensitization in rats (Takahashi et
al., 2000).

Several groups also reported that cocaine-induced CPP was blocked by
different Sig-1R antagonists (Romieu et al., 2000, 2002, 2003; Matsumoto
et al., 2011; Xu et al., 2012). In contrast, Sig-1R antagonists failed to block
cocaine self-administration across a range of doses of either antagonist
(Martin-Fardon et al., 2007) or cocaine (Hiranita et al., 2010, 2011). One
possible reason for this discrepancy may be due to differences between
species since all the studies that assessed cocaine-induced CPP used mice,
whereas the self-administration studies were conducted in rats. Those
discrepancies could also be due to the difference of non-contingent
administration in a paradigm of CPP vs. contingent cocaine self-
administration. In a further assessment, moderate effects of a Sig-1R
antagonist were reported on the reinstatement induced by cocaine
priming after cocaine self-administration in rats (Martin-Fardon et al.,
2007).

Interestingly, pretreatment with Sig-1R agonists produced a dose-related
potentiation of cocaine self-administration in rats (Hiranita et al., 2010).
This leftward shift of cocaine self-administration was similar to the effects
of dopamine uptake inhibitors on cocaine self-administration (Schenk,
2002; Barrett et al., 2004). In addition, Sig-1R agonists also potentiated
cocaine-induced locomotor stimulant effects and increased the total time
of cocaine-evoked convulsions in rats (Matsumoto, 2009). Since Sig-1R
agonists enhance the effects of psychostimulants, it was hypothesized
that Sig-1R agonists may produce psychoactive effects. However, Sig-1R
agonists alone lacked substantive effects on behavioral procedures

related to drug abuse, such as locomotor activation (Maj et al., 1996;

118



Introduction

Skuza & Rogdz, 2009) or place conditioning (Romieu et al., 2002; Mori et
al., 2014). In agreement with these results, self-administration of Sig-1R
agonists in naive animals also failed (Hiranita et al., 2013).

Another possibility to assess the reinforcing properties of a certain drug is
a substitution procedure (Johanson & Balster, 1978). In this approach,
animals are trained to respond for drugs known to maintain responding,
such as cocaine. Once responding is stable, the drug is substituted by the
compound of interest. If saline is substituted, responding tends to decline
to low self-administration rates. In contrast, when a reinforcing test
compound is substituted, responding may be maintained. Using this
procedure, Sig-1R agonists established a stable self-administration pattern
in cocaine and methamphetamine trained animals, but not in heroin,
ketamine or food trained animals (Hiranita et al., 2010, 2013). The authors
suggest that the induction of the reinforcing effects of previously inactive
Sig-1R agonists may be related to the DAT since cocaine and
methamphetamine produce their reinforcing properties by acting on DAT
(Hiranita et al., 2013; Katz et al., 2016).

The expression of Sig-1Rs was evaluated after acute or chronic treatment
with psychostimulants. mRNA analysis demonstrated a significant
increase in Sig-1R mRNA in the NAc but not in the caudate putamen, PFC,
or cerebellum after repeated cocaine treatment (Romieu et al., 2002).
Following methamphetamine self-administration, Sig-1Rs  were
upregulated in the midbrain and Sig-1R mRNA was decreased in the frontal
cortex and increased in the HPC of animals actively self-administering
methamphetamine, but not in the yoked methamphetamine-exposed or
saline-control rats (Stefanski et al., 2004). Furthermore, protective doses
of Sig-1R antagonists have been shown to prevent changes in gene

expression that are induced by cocaine (Matsumoto et al., 2003).
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Sig-1R antagonists also inhibit the increase in locomotor activity induced
by ethanol (Maurice et al., 2003). In agreement, Sig-1R KO mice
demonstrated less sensitivity to the dose-dependent locomotor
stimulating effects of alcohol when compared to WT mice (Valenza et al.,
2016). However, treatment with a Sig-1R agonist lacked an effect on
alcohol-induced locomotion (Maurice et al., 2003). Although alcohol has
high reinforcing effects in humans, it is difficult to establish reliable
alcohol-drinking patterns in rodents. Therefore, many alcohol-related
studies use Scripps Research Institute Sardinian alcohol-preferring rats
(Scr:sP), a line that was selectively bred to drink high amounts of alcohol
(Colombo et al., 2006). Interestingly, this line has elevated protein levels
of Sig-1R in the NAc compared to outbred Wistar rats. This increase
returned to baseline after 4 weeks of home-cage alcohol-drinking (Blasio
et al., 2015). In agreement with these findings, Sig-1R antagonist
diminished alcohol consumption in Scr:sP rats without affecting total fluid
intake or food intake (Sabino et al., 2009a; Blasio et al., 2015), however,
Sig-1R KO mice displayed higher ethanol intake compared to WT mice
(Valenza et al., 2016). Daily systemic treatment with the unspecific Sig-
1/2R agonist facilitated binge-like drinking under an operant FR1 schedule
and this response was blocked by a Sig-1R antagonist (Sabino et al., 2011).
In agreement, alcohol self-administration was decreased by the same
antagonist in a dose-dependent manner when given alone (Sabino et al.,
2009b), and the breakpoint under an operant PR schedule was increased
by Sig-1R agonist and decreased by Sig-1R treatment (Sabino et al., 2009b,
2011). Furthermore, Sig-1R mRNA in the NAc was decreased in ethanol-
dependent Wistar rats during acute withdrawal and ethanol naive Scr:sP

rats compared to ethanol naive Wistar rats (Sabino et al., 2009b).
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Sig-1Rs are also involved in alcohol craving and relapse, which are Alcohol
often tested using a paradigm of alcohol deprivation. Here, alcohol
deprived animals temporary increase the ratio of ethanol/total fluid intake
and the voluntary intake of ethanol solutions over baseline drinking
conditions when ethanol access is reinstated. Sig-1R antagonist blocked
the alcohol deprivation effect in alcohol deprived Scr:sP rats (Sabino et al.,
2009a). Furthermore, ethanol-induced CPP could be reinstated with
intraventricular injections of a Sig-1R agonist. In agreement, Sig-1R
antagonism blocked both alcohol- and Sig-1R agonist-induced
reinstatement of place preference (Bhutada et al., 2012).

The implication of Sig-1Rs in nicotine addiction is almost unknown. It was
demonstrated that nicotine- and nicotinic agonist-induced catecholamine
release and Ca* entry was decreased by Sig-1R ligands in adrenal
chromaffin cells (Paul et al., 1993; Brindley et al., 2017). To our knowledge,
the involvement of Sig-1Rs in the reinforcing properties of nicotine was
tested in only one study (Horan et al., 2001). Interestingly, the authors
demonstrated that the Sig-1R agonist SA 4503 decreased nicotine-induced
CPP. However, a different study showed that the acquisition of place
preference induced by morphine, cocaine, and methamphetamine was
attenuated using the same Sig-1R agonist whereas (+)-pentazocine, a
selective Sig-1R agonist, was inactive (Mori et al., 2012). Thus, more
studies are needed to verify whether the effect SA 4503 was mediated by
Sig-1Rs.
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Obijectives

Objective 1

1. To evaluate the implication of pre-proenkephalin in the
reinforcing properties and the motivation for nicotine, as well as
its implication in the cue-induced reinstatement of nicotine-
seeking.

2. To study the participation of pre-proenkephalin in nicotine-
induced neuroplasticity.

3. To elucidate the involvement of pathway-specific glutamate
transmission to the NAc core in the reinforcing properties of

nicotine.

Objective 2

1. To evaluate the phenotypical differences associated with the
genetic deletion of the sigma-1 receptor.

2. To study the involvement of the sigma-1R in the reinforcing
properties and the motivation for nicotine, as well as its
implication in the cue-induced reinstatement of nicotine-seeking.

3. To investigate the implication of the sigma-1R in the reinforcing
properties and the motivation for palatable food, as well as its
implication in the cue-induced reinstatement of palatable food-

seeking.
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Animals

In a first study, we used homozygous KO mice deficient in PENK on a
C57BL/6J background and their respective WT littermates (Konig et al.,
1996). In a second study, C57BL/6J] WT mice (Jackson Laboratories) and
C57BL/6J constitutive Sig-1R KO mice (Langa et al., 2003), provided by
HARLAN laboratories, were used.

In both studies, mice were 8-12 weeks old at the beginning of the
experiments and of male sex. Individuals were housed individually in a
temperature- (21 + 1 °C) and humidity-controlled (55 + 10%) room. All
experiments were conducted during the dark phase of a 12-h light/dark
reverse cycle (light off at 08:00 a.m., light on at 8:00 p.m.). Food and water
were available ad libitum during the whole experiment. Mice were
allowed to acclimate to the vivarium (minimum 1 week) before starting
experimental procedures. Animal procedures were conducted in strict
accordance with the guidelines of the European Communities Directive
2010/63/EU regulating animal research and were approved by the local
ethical committee (CEEA-PRBB).

Drugs

All solutions were diluted with or dissolved in sterile 0.9% physiological
saline when not indicated differently.

(-)-Nicotine hydrogen tartrate salt (Glentham Life Sciences) was dissolved
and the pH was adjusted with NaOH to 7.4. For anesthesia, ketamine
hydrochloride (100 mg/ml) (Imalgéne; Merial Laboratorios S.A.) and
medetomidine hydrochloride (1 mg/ml) (Domtor; Esteve, Spain) stock

solutions were mixed and diluted to a final concentration of 10mg/ml and
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0.2mg/ml, respectively. The anesthetic mixture was administered
intraperitoneally (i.p.) (10ml/kg). Atipamezole hydrochloride (5mg/ml)
(Revertor; Virbac, Spain) and meloxicam (5mg/ml) (Metacam;
Boehringeringelheim, Rhein) were diluted and administered
subcutaneously (s.c.) at doses of 2.5 mg/kg and 2mg/kg, respectively.
Gentamicin (40mg/ml) (Genta-Gobens; LaboratoriosNormon, Spain) was
diluted and administered i.p. at 1mg/kg as an antibiotic solution.
Thiopental sodium (Braun Medical S.A, Barcelona, Spain) was dissolved in
distilled water and delivered by intravenous (i.v.) infusion of 0.05 ml
through the catheter. Clozapine-N-oxide (CNO) (Palex medical, Barcelona,
Spain) was dissolved in sterile 0.9% physiological saline and administered
iv. at a dose of 1mg/kg. The Sig-1R antagonist 1-[2-(3,4-
Dichlorophenyl)ethyl]-4-methylpiperazine dihydrochloride (BD 1063)
(Laboratories Esteve, Barcelona, Spain) was dissolved in hydroxypropy!
methylcellulose and administered s.c. at a dose of 10mg/kg (correction

factor: 1.27).

Surgery

Study 1

Intravenous catheter insertion

For catheter surgery, mice were anesthetized with a
ketamine/medetomidine mixture and implanted with indwelling i.v.
silastic catheters as previously described (Soria et al., 2008). Briefly, a6 cm
length of silastic tubing (0.3 mm inner diameter, 0.6 mm outer diameter)
was fitted to a 22-gauge steel cannula that was bent at a right angle and
then embedded in a cement disk with an underlying nylon mesh. The

catheter tubing was inserted 1.3 cm into the right jugular vein and
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anchored with suture. The remaining tubing ran subcutaneously to the
cannula, which exited at the midscapular region. All incisions were sutured
and coated with antibiotic ointment. Animals were allowed to rest for 4

days prior to self-administration procedures.

Virus vector microinjection

Mice were anesthetized with a ketamine/medetomidine mixture and
placed into a stereotaxic apparatus (KOPF instruments). Coordinates to
target the PLC, NAc core and the BLA were chosen according to Paxinos
and Franklin. (PLC) AP +1.98 mm, ML 0.3 mm, DV -2.3 mm; (NAc core) AP
+1.34 mm, ML 1 mm, DV -4.6 mm, (BLA) AP -1.34, ML+ 2.9, DV -4.8.

For injections in the PLC and NAc core, a bilateral injection cannula (33-
gauge internal cannula, Plastics One, UK), and a single injection cannula
for the BLA were used. In both cases, cannulas were connected to a
polyethylene tubing (PE-20, Plastics One, UK) that was attached to a 10 pl
microsyringe (Model 1701 N SYR, Cemented NDL, 26 ga, 2 in, pointstyle 3,
Hamilton company, NV).

Specific inhibition of projection sites from the PLC to the NAc core and BLA
to NAc core were achieved by bilateral injections of the AAV-hMA4Di-
DREADD into the PLC (under control of the hSyn promoter) or BLA (under
control of the CaMKIlla promoter) and an injection of the AAV-retrograde-
Cre into the NAc core.( under control of pmSynl promoter) Each
hemisphere was injected with 0.2 pl (PLC) and 0.4 pl (NAc core and BLA)
at a constant rate of 0.05 pl/min (PLC) or 0.1 pl/min (NAc core and BLA) by
using a microinfusion pump (Harvard Apparatus, Holliston, MA) over 4 min
followed by an additional 10 minutes to allow diffusion of viral particles

away from the injection site and to prevent reflux. Injection needles were
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slowly withdrawn during 10 additional min. The successful injection was

monitored by the displacement of an air bubble along with the tubing.

Viral vectors

We used the following vectors: AAV-retrograde-Cre (AAV pmSyn1-EBFP-
Cre; 6x10" vg/mL) (Addgene (viral prep # 51507-AAVrg)) for the NAc core.
AAV-hM4Di-DREADD  (AAV8-hSyn-DIO-hM4D(Gi)-mCherry, 1.21E+13
gc/ml) for PLC, (AAV8-CamKII-DIO-hM4D(Gi)-mCherry , 8,6E+12) for BLA
and AAV-control-DREADD (AAV8-hSyn-DIO-mCherry, 1.19E+13 gc/ml) for
both areas (Viral Vector Production Unit of Universitat Autonoma de

Barcelona).

Study 2

Intravenous catheter insertion

Surgery was implemented as described in study 1.
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Experimental procedures

Study 1
Experiment 1

Cue-induced reinstatement of nicotine-seeking
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Figure 40. Experimental procedure of experiment 1.
Relapse model of nicotine-seeking

Cue-induced reinstatement of nicotine-seeking

Nicotine’s reinforcing properties, the motivation for nicotine, and cue-
induced reinstatement of nicotine-seeking were evaluated in PENK KO
mice and WT littermates in an operant model of cue-induced
reinstatement validated in our laboratory.

After recovery from indwelling catheter insertion. PENK KO mice and their
WT littermates were first trained to self-administer nicotine (30ug/kg/Inf
(free base)) during 10 daily sessions under an FR1 schedule of
reinforcement. The maximum session duration was 1h or whenever mice
reached the maximum amount of reinforcements (50). A reward was

obtained by nose-poking the active hole. The i.v. drug infusion was paired
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with the presentation of a cue-light (2 sec.) above the active nose-poke
and followed by a 10 sec. time-out period where responses had no
consequences but were recorded. Acquisition criteria for operant
responding were fulfilled when mice earned at least 5 reinforcements in
three consecutive sessions with less than 30% deviation from the average
number of infusions, and a discrimination index ((active responses —
inactive responses) / (active responses + inactive responses)) between
nose-pokes higher than 0.6. After 10 sessions under an FR schedule, we
tested the motivation for nicotine in a PR schedule following an
exponential equation. (Series: 1-2-3-5-12-18-27-40-60-90-135-200-300-
450-675-1000). The maximum length of a PR session was 3h or whenever
a mouse did not respond on the active hole during 1h. Thiopental test was
applied subsequently and mice that did not show prominent signs of

anesthesia directly after i.v. infusion were excluded from the experiment.

Experiment 2

Nicotine-induced structural plasticity

Nicotine-induced structural plasticity changes in dendritic spine density
and morphology were evaluated. We used a yoked control procedure to
better assess whether the obtained changes in structural plasticity derive

from motivated behavior to obtain nicotine or from the drug alone.

Yoked control procedure
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A new cohort of PENK KO mice and their WT littermates were divided into
three groups: (1) Master Nicotine, (2) Yoked Nicotine and (3) Yoked Saline.
PENK KO mice and WT littermates of the Master Nicotine group were
trained to acquire and maintain nicotine self-administration, as described
above, for 12 consecutive days, followed by a PR session. Animals in the
Yoked groups were exposed to the operant conditioning chamber,
whereby nose-poking had no programmed consequences but was
recorded. However, mice received non-contingent nicotine or saline
infusions (Yoked Nicotine or Yoked Saline, respectively) whenever their
corresponding experimental subject (Master Nicotine group) actively

obtained a contingent nicotine infusion.

Ballistic labeling with the fluorescent dye Dil

Immediately after the PR schedule of nicotine self-administration on day
13, mice were deeply anesthetized with a ketamine/medetomidine
mixture. Animals were rapidly perfused intracardially with 4%
paraformaldehyde (PFA) in a Na2HPO4/ NaH,PO4/NaCl buffer (pH 7.4)
(PBS), using a peristaltic pump delivering at 20 ml/min. Initially, 20 ml of
0.1 M PBS were perfused followed by 40 ml of 4% PFA. Brains were quickly
removed from the skull and postfixed in PFA 4% for 10 minutes and stored
in PBS 0.1 M at 42C overnight.

Brain coronal sections (100 um) containing the NAc (from bregma 1.54
mm to bregma 1.10 mm) were obtained by using a vibratome (Leica SM
2000R, Nussloch, Germany) and stored in a cryoprotectant solution (34.4%
glycerol (85%), 30% ethylene glycol, 20% PB 0.5M and 15.6%distilled
water) at -202C until processed for fluorescent labeling.

Brain samples were washed three times for 15 min in PBS 0.1M to remove

all possible remains of the cryoprotectant solution and labeled by ballistic
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delivery of the fluorescent dye Dil (Biotium, Fremont, CA, USA) using a
gene gun apparatus (Helios Gene Gun System, Bio-Rad, Munich,
Germany). Once labeled with the Dil fluorophore, tissues were kept in PBS
0.1M at 42C overnight to facilitate diffusion of the dye and then post-fixed
with 4% PFA for 2 hours at 42C to further preserve the structures.

Sections were placed on microscope gelatin-coated slides and
coverslipped with mounting medium (Mowiol, Sigma Aldrich, Germany)

for the following confocal analysis.

Dendritic spine analysis

Images were acquired with a confocal microscope (Leica TCS SP5 I, Leica
Microsystems, Wetzlar, Germany) using an immersion lens (63x).
Individual MSNs of the NAc core and shell were chosen for spine analysis
based on the following criteria previously described by Lee et al. (Lee et
al., 2006). (1) There was minimal or no overlap between labeled cells to
correctly differentiate dendrites of each neuron, (2) cells used for analysis
must have at least three visible primary dendrites, and (3) only distal
dendrites (from secondary dendrites to terminal dendrites) with a
minimum length of 25um were examined. 8 to 10 dendrites were analyzed
for each animal per area of interest.

Pictures were obtained at different z levels (0.13um depth intervals) of
dendrites from the core and shell of the NAc. The images taken were then
deconvoluted with Huygens Essential software (Scientific Volume Imaging,
B.V, Hilversum, Netherlands) to improve the resolution and diminish
noise.

Measurements of dendrites and dendritic spines were made using
NeuronStudio analysis software (Computational Neurobiology and

Imaging Center, New York, USA). Protrusions from dendrites were semi-
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automatically classified into five types based on their morphology (Figure
41): Class 1, also called stubby protuberances, lacked a large spine head
and did not appear to have a neck (ratio length/width < 2.5 and spines
which did not overcome 0.5 um in length). Class 2, or mushroom-shaped
spines, were characterized by a short neck and a large head (length
between 0.5 and 2 um; ratio head/neck bigger than 1.1; head diameter
bigger than 35 um); Class 3, or thin spines, had elongated spine necks with
small heads (length between 0.5 and 3 um; ratio head/neck bigger than
1.1; head diameter minor to 35um). Class 4, or filopodia extensions, lacked
a spine head and had a large neck (length between 0.5 and 3.5um; ratio
length/width > 2.5); and class 5, or branched spine, had elongated spine

necks with two or more spine heads (detected manually).
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Figure 41. Algorithm for semi-automatic spine classification.

Experiment 3
Pathway-specific chemogenetic inhibition of glutamatergic projections

to the nucleus accumbens core during nicotine self-administration

To inhibit pathway-specific glutamatergic transmission in the NAc core,
WT mice were injected with the retrograde AAVr pmSyn1-EBFP-Cre into
the NAc core, and the CRE-dependent AAV8-hSyn-DIO-hM4D(Gi)-
mCherry or the AAV8-CamKII-DIO-hM4D(Gi)-mCherry into the PLC or
BLA, respectively (see Virus vector microinjection). Hence, only
glutamatergic neurons that project to the NAc core expressed the G;-
coupled designer receptor exclusively activated by designer drugs

(DREADD) in the PLC or BLA.
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WT animals expressing Gi-coupled DREADDs or control DREAADs were
trained to acquire and maintain nicotine self-administration for 12
consecutive days under an FR1 schedule of reinforcement, followed by a
test of motivation for nicotine under a PR schedule. PLC-NAc core and BLA-
NAc core pathways were inhibited by DREADD activation via i.v. injections
of clozapine N-oxide (CNO) (1mg/kg, i.v.) or saline immediately before

each training session.

Histological studies to determine virus expression sites

Coronal brain sections were obtained as previously described (see Ballistic
labeling with the fluorescent dye Dil). Briefly, immediately after the PR
session on day 13, mice were deeply anesthetized with a
ketamine/medetomidine mixture and rapidly perfused intracardially with
4% PFA. Brains were quickly removed from the skull and postfixed in PFA
4% for 10 minutes and stored in PBS 0.1 M at 42C overnight. Brain coronal
sections (100 um) containing the PLC (from bregma 2.34mm to bregma
1.54mm), NAc (from bregma 1.54 mm to bregma 1.10 mm)and BLA (from
bregma -0.7 mm to bregma -1.82 mm) were obtained by using a vibratome
and stored in a cryoprotectant solution at -202C until processed for
fluorescent labeling.

Expression of AAV8-hSyn-DIO-hM4D(Gi)-mCherry and AAV8-CamKII-DIO-
hM4D(Gi)-mCherry were visualized directly in the confocal microscope.
mCherry is a bright red monomeric fluorescent protein that was clearly
visualized in our experimental conditions without performing an
immunofluorescence.

Cre-recombinase expression was detected by immunofluorescence using
an anti-Cre recombinase antibody (1:500, Merck). Brain samples were

washed three times for 15 min in PBS 0.1M to remove all possible remains
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of the cryoprotectant solution. Sections were incubated with the primary
antibody in 3% normal donkey serum and 0.3% Triton X-100 in 0.1 M PB
(NDS-T-PB) overnight at 4°C. Next day, sections were incubated with the
secondary antibody (1:1000, Invitrogen, A21202) at room temperature in
NDS-T-PB for 2h. After incubation, sections were rinsed and mounted onto
glass slides coated with gelatin in DAPI containing mounting medium.

The stained sections of the brain were analyzed at 10x objective using a
Leica TCS SPE inverted confocal microscope. Imagel software was used for
visualization of virus expression sites. The threshold was adjusted to

distinguish the particles from the background.

Study 2

Experiment 1

Phenotypical characterization of Sig-1R KO mice

Locomotion

Locomotor activity was assessed by using actimetry boxes (9 x 20 x 11 cm)
(Imetronic, Lyon France) in a low luminosity room (5 lux), and with white
noise. Each box contained two lines of photocells located 2 cm and 6 cm
above the floor to measure horizontal and vertical movements,
respectively. Mice were injected with either BD 1063 (10mg/kg) or saline
1h prior to the test. Subjects were then individually placed in the boxes

and their activity was evaluated for 2h.

Anxiety-like behavior
Elevated plus maze test was performed using a black Plexiglas apparatus

with 2 open (45 lux) and 2 closed (5 lux) arms (both 29 cm long x 5 cm
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wide), setin cross from a neutral central square (5x5 cm) that was elevated
40 cm above the floor. The number of entries and the percentage of time
spent in the open arms was determined for 5 min, as previously reported
(Busquets-Garcia et al., 2011).

The light/dark box was carried out as previously described (Filliol et al.,
2000). A Plexiglas box comprising a small dark compartment (10 lux) and
a large lit compartment (500 lux) separated by a connecting 4 cm long
tunnel was used. Floor lines separated the light compartment into three
equal zones, from the tunnel to the opposite wall, designated as proximal,
median and distal zones. The time spent in the lit compartment, as well as

total and distal entries to the lit compartment, were registered for 5 min.

Novel object recognition test

The novel object recognition test was performed as previously described
(Puighermanal et al., 2009). Briefly, the test was performed in a V-shaped
maze for two consecutive days. On day one, mice were habituated for 9
min to the maze in which the task was performed. On the second day, 2
identical objects (chess pieces) were presented to the mice, and the time
spent exploring each object was recorded. After three hours mice were
placed in the maze again for 9 min, one of the familiar objects was
replaced with a novel object and the total time spent exploring each of the
two objects (novel and familiar) was computed. Exploration time was
counted when the orientation of the mice’s nose pointed to the object at
a distance of less than 2 cm. A discrimination index was calculated as the
difference between the times spent exploring the novel (O,)and familiar
object (Of) divided by the total time exploring the two objects ((On - Of) /
(On + O¢)). A higher discrimination index is considered to reflect greater

memory retention for the familiar object.
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Sensation-seeking

WT and Sig-1R KO mice were trained similarly to the acquisition protocol
used in the drug and food self-administration paradigm. Responding on
the active manipulandum resulted in the presentation of the cue-light (2
sec.) above the active nose-poke. Neither extinction training nor the

reinstatement of seeking behavior was performed in this cohort of mice.

Experiment 2

Reinstatement of cue-induced nicotine-seeking behavior

WT and Sig-1R knockout mice were first trained to self-administer either
nicotine (30ug/kg/Inf (free base)) or saline during 10 daily sessions (5 days
of FR1, followed by 5 days of FR3). The maximum session duration was 2h
or whenever mice reached the maximum amount of reinforcements (50).
A reward was obtained by nose-poking the active hole. The i.v. drug/saline
infusion was paired with the presentation of a cue-light (2 sec.) above the
active nose-poke and followed by a 10 sec. time-out period where
responses had no consequences but were recorded. Acquisition criteria
for operant responding were fulfilled when mice earned at least 10
reinforcements in three consecutive sessions with less than 30% deviation
from the average number of infusions, and a discrimination index ((active
responses — inactive responses) / (active responses + inactive responses))
between nose-pokes higher than 0.8. After 10 sessions under an FR
schedule, we tested the motivation for either nicotine or saline in a PR
schedule following an exponential equation. (Series: 1-2-3-5-12-18-27-40-
60-90-135-200-300-450-675-1000). Mice were injected with either the
selective the Sig-1R antagonist BD 1063 (10mg/kg s.c., free base) or

saline 1h prior to the test. The maximum length of a PR session was 4h
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or whenever a mouse did not respond on the active hole during 1h.
Thiopental test was applied subsequently and only mice that showed
patency of catheter, and accomplished acquisition criteria (only
nicotine groups) were moved to the extinction phase. The first
extinction session occurred 48h after the thiopental test to avoid any
possible influence of thiopental residual effects. During the extinction
phase, experimental conditions were similar to acquisition sessions
except that neither nicotine/saline nor the drug-associated cue (cue-
light) was available after active responding. Mice had to reduce active
responding to a 30% (average of 3 consecutive days) compared to the
average of the 3 last acquisition sessions. Mice were given 2h daily
extinction sessions during at least 10 consecutive days or until
extinction criterion was achieved. After extinction, seeking behavior
was reinstated by environmental cues. Cue-induced reinstatement was
conducted under the same conditions used in the acquisition phase except
that nicotine/saline was not delivered. Three responses on the active
manipulandum in this phase led to the presentation of the cue-light for 2s.
The reinstatement criterion was achieved when responding in the active

NP was tripled compared to extinction responding.

Sample collection

Mice were sacrificed by cervical dislocation directly after cue-induced
reinstatement sessions. Brain areas, including the mPFC and the NAg,
were quickly dissected and snap-frozen at -802C. The brain tissue was

further processed for immunoblot and qPCR analysis.
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Immunoblot

Frozen tissues were minced and biotinylated as previously described
(Ferrario et al., 2011). Briefly, brain samples were added to an ice-cold
aCSF with 1 mM of the biotin derivative sulfo-NHS-SS-biotin (Thermo
Scientific, Rockford, IL), a cleavable and water-soluble biotinylation
reagent specific for primary amino groups. Brain samples were incubated
at 4°C with gentle agitation for 30 min. The reaction was quenched by
adding glycine (100 mM). After 10min of incubation at 42C, the suspension
was centrifuged at 14000 rpm at 4 2C for 2 min. The supernatant was
removed, the remaining pellet was re-suspended in lysis buffer (25 mM
HEPES pH 7.4, 500 mM NaCl, 2 mM EDTA, 20 mM NaF, ,1 mM PMSF, 0.1%
Nonidet (v/v), 1ug/ml aprotinin, 1 ug/ml leupeptin, 1ug/ml pepstatin), and
sonicated. Protein contents in the supernatants were determined by DC-
micro plate assay (Bio-Rad, Madrid, Spain) following the manufacturer’s
instructions. The biotinylated proteins were recovered by adding 100ug of
the protein content of each sample to 37.5ul of high capacity NeutrAvidin
Agarose beads (Thermo Scientific). The suspension was incubated
overnight at 4°C on an end-over-end rotator. Bound proteins were
isolated from the non-biotinylated (unbound) fraction by centrifugation
(3000 rpm, 1 min) and rinsed several times in ice-cold lysis buffer. The
biotinylated fraction was then dissolved in 2X Laemmli sample buffer (Bio-
Rad) containing B-mercaptoethanol (355mM) and was heated up to 972C
for 3 min to break the avidin-biotin bond and release the biotinylated
proteins from the beads. Samples were centrifuged (10000 rpm, 5 min),
hence unbound biotinylated proteins were separated by a centrifugal
filter unit (0.45mm, #UFC30HV0O0, Millipore, Billerica, MA) to remove the
beads. Blots containing equal amounts of protein samples (membrane

enriched or total protein content) were probed for different primary
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antibodies: anti-NR1 (1:2000, Novus Biologicals, NB300-118), anti-
phospho-NR1(Ser890) (1:500, Cell signaling, 3381), phospho-NR1(Ser896)
(1:500,Abcam, Ab75680), phospho-NR1(Ser897) (1:1000, MERCK, ABN99),
anti-NR2A (1:2000, Merck Millipore, AB1557B), anti-NR2B (Merck
Millipore, AB1557P, 1:1000), anti-GluR1 (1:2000, Abcam, Ab31232), anti-
GIuR2 (1:2000, Sigma-Aldrich, Sab4300232), anti-mGluR2/3, (1:1000,
Millipore, 06-676), anti-MOR (1:500, Santa-Cruz, sc-15310), anti-
LynX1(1:5000, LS Bio, LS-C145872), anti-phosphor-ERK1/2 (1:500, Cell
signaling, 9101), anti-ERK1/2 (1:2000, Cell signaling, 9102), anti-phosphor-
CREB (1:1000, Millipore, 06519), anti-NFkB p50/p105 (1:2000, Abcam,
ab32360), anti-AFosB (1:1000, Abcam, ab11959), anti-n-Cadherin
(1:20000, Abcam, ab18203), anti-Actin (1:5000, Santa Cruz, sc-47778), and
anti-GAPDH (Santa Cruz, sc-32233; 1:10000). Antibodies against the
nAChR a4 and B2 subunits were obtained from the Gotti laboratory
(Instituto di neuroscienze, Milan). Bound primary antibodies were
detected using horseradish peroxidase-conjugated antibodies to rabbit or
mouse antibodies (Cell signaling, 7074; 1:2000 or Santa Cruz Technologies,
sc-2005; 1:2000, respectively) and visualized by enhanced
chemiluminescence detection (Clarity Western ECL Substrate, Bio-Rad,
1705061). When necessary, Immobilon-P membranes (Millipore,
IPVH09120) were stripped in buffer containing 62.5mM Tris pH 6.5, 2%
SDS (vol/vol) and 0.1M beta-mercaptoethanol (vol/vol) for 30 min at 379C,
followed by extensive washing in 100mM NaCl, 10mM Tris and 0.1%
Tween 20 (pH 7.4) before re-blocking and re-probing. The optical density
of the relevant immunoreactive bands was quantified after acquisition on
a ChemiDoc MP Imaging System (Bio-Rad) controlled by Image Lab Touch
Software (Bio-Rad). For quantitative purposes, the optical density values

for phosphorylated proteins were normalized to the total protein content
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(phosphorylated + unphosphorylated) of the same sample, and GAPDH
and Actin were used as housekeeping controls. Data were expressed as a

fold change of the control WT saline-vehicle group.

Gene expression analysis by real-time PCR

Total RNA was isolated from frozen (-802C) mPFC and NAc with TRIzol
reagent plus RNA purification kit (Ambion, AM1924) and subsequently
retrotranscribed to cDNA with the High-capacity cDNA reverse
transcription kit (Applied Biosystems, 4368814). Gene expression of Sig-
1R and “Mm00441480_m1” for GIuT1l by real-time PCR. Quantitative
analysis of gene expression was measured with TagMan Gene Expression
assays “Mm01223547 g1” for Sig-1R and (Applied Biosystems, Madrid,
Spain) as a double-stranded DNA-specific fluorescent dye and performed
on the ABI Prism 7900 HT (Applied Biosystems, Waltham, United States).
HPRT was used as a housekeeping gene, detected with TagMan gene
expression assay “Mm00446968 m1”. Data for each target gene were
normalized to HPRT, and the fold change in target gene mRNA abundance

was determined by the 222 method (Livak & Schmittgen, 2001).

Experiment 3

Reinstatement of cue-induced food-seeking behavior

Cue-induced reinstatement of palatable food (TestDiet, Richmond, IN,
USA) was conducted in similar conditions as described for the cue-induced
reinstatement of nicotine-seeking behavior with the difference that the
reward obtained was a 20 mg highly palatable isocaloric chocolate-
flavored pellet paired with a 2 sec. light-stimulus above the active nose-
poke. These pellets had a similar caloric value (3.44 kcal/g: 20.6% protein,

12.7% fat, 66.7% carbohydrate) of standard maintenance diet provided to
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mice in their home cage (3.52 kcal/g: 17.5% protein, 7.5% fat, 75%
carbohydrate) with some slight differences in their composition: addition
of chocolate flavor (2% pure unsweetened cocoa) and modification in the

sucrose content.

Statistical analysis

Study 1

All data are presented as mean + SEM. Statistical analyses were performed
using the Statistica 6.0 software (StatSoft, Tulsa OK, USA). Behavioral
studies and dendritic spine analysis were analyzed using one-, two- or

three-way ANOVA followed by Newman-Keuls post hoc analysis.

Study 2

Behavioral data was expressed and analyzed as described in Study 1. The
proteomic and mRNA analysis were performed using two-way ANOVA

followed by Fischer’s LSD post hoc analysis.
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Study 1

Effect of genetic deletion of pre-proenkephalin on acquisition and

maintenance of nicotine self-administration

In a first approach, we used an operant model of cue-induced
reinstatement to evaluate the implication of PENK in the reinforcing
properties and the motivation for nicotine, as well as in the cue-induced
reinstatement of nicotine-seeking.

PENK KO mice and WT littermates were trained to self-administer nicotine
in 10 consecutive 1h training sessions under an FR1 schedule of
reinforcement. Three-way ANOVA repeated measures demonstrated a
significant main effect of genotype [F(1,72) = 45.50; p<0.001], nose-poke
[F(1,72) = 97.62; p<0.001], and of day [Fs,6a8) = 19.90; p<0.001]. Significant
interactions were revealed between genotype and nose-poke [F,72) =
23.86; p<0.001], genotype and day [F(g,64s) = 2.43; p<0.05], nose-poke and
day [F,e48) = 17.53; p<0.001], and among all three factors [F(o6as) = 4.18;
p<0.001]. Subsequent Newman-Keuls post hoc analysis revealed that
active responding was significantly decreased in PENK KO mice compared
to WT littermates on day 9 (p<0.01) and day 10 (p<0.05). No differences
were obtained on the inactive manipulandum (Figure 42A). One-way
ANOVA revealed a significant effect of genotype on the area under the
curve of active responses [F(1,72) = 36.03; p<0.001]. Subsequent post-hoc
analysis (Newman-Keuls) demonstrated a significant decrease of active
responses in PENK KO mice compared to WT littermates (p<0.001) (Figure
42B).

The motivation for nicotine was evaluated under a PR schedule of
reinforcement, one-way ANOVA revealed a significant effect of genotype

[Fa,72 = 12,54; p<0.001]. Post-hoc analysis (Newman-Keuls) showed a
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significantly decreased breakpoint in PENK KO mice compared to WT
littermates (p<0.001) (Figure 42C).

The percentage of mice that fulfilled acquisition criteria was strikingly
decreased in PENK KO mice compared to WT littermates [x’= 22.18;
p<0.001] (Figure 42D).

Only mice that fulfilled acquisition criteria were moved to extinction
training. In the extinction phase, PENK KO and WT mice were trained to
decrease nose-poking on the active manipulandum to a 30% according to
their average responding in the last three days of the acquisition phase.
Three-way ANOVA repeated measures revealed significant main effects of
nose-poke [F1,33=51.98; p<0.001] and day [Fs 297 = 8.37; p<0.001] but not
of genotype [F1,33=0.51; n.s.]. A significant interaction between day and
nose-poke [Fq297= 7.3; p<0.001] but not between day and genotype [Fs 297
=0.2; n.s.] or nose-poke and genotype [F1,33=0.41; n.s.], neither among all
three factors was revealed [Fq 297 = 0.71; n.s.] (Figure 42E). All KO and 86%
of WT mice extinguished operant behavior [x*= 0.93; n.s.].

Cue-induced reinstatement of nicotine-seeking was tested after a
minimum of 15 daily extinction session or whenever the extinction
criterion was reached. Nicotine-seeking behavior was not modified in
PENK KO mice (Two-way ANOVA repeated measures, nose-poke: [Fi,29 =
66.54; p<0.001]; genotype: [F129 = 0.85; n.s.]; interaction: [Fi29 = 0.54;
n.s.]) (Figure 42F).
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Figure 42. Effect of genetic deletion of PENK on cue-induced reinstatement of nicotine-
seeking behavior.

A: Time course of nicotine self-administration of PENK KO (n=34) and WT littermates
(n=40). B: Area under the curve of active responding for nicotine. C: Test for motivation
for nicotine under a progressive ratio schedule. D: Percentage of mice that fulfilled all
three acquisition criteria after 10 days of operant self-administration maintained by
nicotine. E: Time course of active and inactive responding of PENK KO (n=6) and WT
littermates (n= 29) extinguishing operant behavior after nicotine self-administration. F:
Cue-induced reinstatement of nicotine-seeking behavior after extinction of operant
behavior in PENK KO (n=6) and WT littermates (n=25). Data are expressed as mean +SEM.
*p<0.05, **p<0.01, ***p<0.001. Abbreviations: Knockout (KO), nicotine (NIC), pre-
proenkephalin (PENK), wild type (WT)
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Effect of genetic deletion of pre-proenkephalin on nicotine-induced

neuroplasticity

After the observation that the lack of PENK strikingly decreased nicotine
self-administration. We evaluated the changes in neuroplasticity of MSNs
in the NAc core and shell after nicotine self-administration in PENK KO and
WT littermates. We used a yoked control procedure to evaluate whether
the changes in dendritic spine density and spine morphology are induced
by contingent or non-contingent nicotine administration. Therefore,
animals of each genotype were divided into three groups according to
their contingency. Contingent nicotine administration: Master Nicotine;

Non-contingent administration: Yoked Nicotine and Yoked Saline.

Yoked control procedure of nicotine self-administration

PENK KO mice and WT littermates of the Master Nicotine group were
trained to self-administer nicotine in 12 consecutive 1h training sessions
under an FR1 schedule of reinforcement. Yoked Nicotine and Yoked saline
groups received the same amount of either nicotine or saline at the same
time according to the Master nicotine group.

Two-way ANOVA revealed a significant effect of genotype [Fi39 =4.26;
p<0.05] and group [Fz3s =20.09; p<0.001], as well as a significant
interaction between both factors [F,39=9.83; p<0.001]. Subsequent post-
hoc analysis (Newman-Keuls) revealed a significantly increased response
rate of WT Master Nicotine mice compared to all groups (p<0.001) (Figure
43A).

The motivation for nicotine was evaluated as previously described. One-
way ANOVA revealed a significant effect of genotype [F1.13=10.07; p<0.01],

and post-hoc analysis revealed a significantly decreased breakpoint in KO
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Master Nicotine mice compared to the WT Master Nicotine group (p<0.01)
(Figure 43B).

The percentage of animals that fulfilled acquisition criteria was
significantly decreased in mice of the KO Master Nicotine group compared

to the WT Master Nicotine group [x?= 7.27; p<0.01] (Figure 43C).
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Figure 43. Effect of genetic deletion of PENK on the reinforcing properties and motivation for
nicotine.

A: Area under the curve of active responses of WT Master Nicotine (n=5), WT Yoked Nicotine
(n=5), WT Yoked Saline (n=5), KO Master Nicotine (n=11), KO Master Yoked (n=9) and KO Yoked
Saline (n=11). B: Test for motivation for nicotine under a progressive ratio schedule. C:
Percentage of mice that fulfilled all three acquisition criteria after 12 days of operant self-
administration maintained by nicotine. Data are expressed as mean +SEM. *p<0.05, **p<0.01,
***p<0.001. Abbreviations: Knockout (KO), wild type (WT)

Dendritic spine density and spine morphology of MSNs

After the PR session, animals were sacrificed, and samples were processed
for morphological analysis of MSNs in the NAc core and shell. We
qguantified the total dendritic spine density as well as the density of

different spine types of 8-10 individual dendrites per animal per area.
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Nucleus accumbens core

Two-way ANOVA revealed a significant effect of group [F2265 =9.46;
p<0.001] but not of genotype [Fi2s5 =2.86; p=0.09]. The interaction
between both factors was significant [F2,265=4.29; p<0.05]. Newman-Keuls
post-hoc analysis revealed a significantly increased spine density in the WT
Master Nicotine group compared to all groups (p<0.001) (Figure 44A).
Furthermore, one-way ANOVA showed a significant effect of group testing
the density of thin spines [Fs2es =2.42; p<0.05], stubby protuberances
[Fs265 =4.44; p<0.001], and mushroom-shaped spines [Fs.s =4.91;
p<0.001], but not of filopodia extensions [Fs2s =2.22; p=0.053] or
branched spines [Fss =0.5; n.s.]. Newman-keuls post-hoc analysis is

shown in Figure 44B.

Nucleus accumbens shell

Similar to the NAc core, two-way ANOVA revealed a significant effect of
group [F275 =3.22; p<0.05] but not of genotype [F1,275=0.84; n.s.], and a
significant interaction between both factors [F;.75 =8.73; p<0.001].
Newman-Keuls post-hoc analysis revealed that mice of the WT Master
Nicotine group had significantly increased total spine densities compared
to WT Yoked Saline (p<0.01), WT Yoked Nicotine (p<0.001) and KO Master
groups (p<0.001) (Figure 45A).

Furthermore, one-way ANOVA showed a significant effect of group on the
density of thin spines [Fs275 =2.91; p<0.05], mushroom-shaped spines
[Fs,275 =4.52; p<0.001], and branched spines [Fs 175 =2.27; p<0.05] but not
of filopodia extensions [Fs»75 =1.9; n.s.] or stubby protuberances [Fs s
=1.22; n.s.]. Subsequent Newman-keuls post-hoc analysis is shown in

Figure 45B.
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Nucleus accumbens core
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Figure 44. Dendritic spine density and density of spine types in the NAc core

A: Dendritic spine density of WT Yoked Saline (n=42), WT Yoked Nicotine (n=45), WT
Master Nicotine (n=40), KO Yoked Saline (n=47), KO Yoked Nicotine (n=44), KO Master
Nicotine (n=53). B: Density of spine types. C: Representative images of individual
dendrites from MSNs in the NAc core. Data are expressed as mean +SEM. *p<0.05,
**p<0.01, ***p<0.001. Abbreviations: Knockout (KO), wild type (WT)
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Nucleus accumbens shell
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Figure 45. Dendritic spine density and density of spine types in the NAc shell

A: Dendritic spine density of WT Yoked Saline (n=43), WT Yoked Nicotine (n=47), WT
Master Nicotine (n=50), KO Yoked Saline (n=48), KO Yoked Nicotine (n=41), KO Master
Nicotine (n=52). B: Density of spine types. C: Representative images of individual
dendrites from MSNs in the NAc Shell. Data are expressed as mean +SEM. *p<0.05,
**p<0.01, ***p<0.001. Abbreviations: Knockout (KO), wild type (WT)

158



Results

Pathway-specific chemogenetic inhibition of glutamatergic projections

to the nucleus accumbens core

To inhibit pathway-specific glutamatergic transmission in the NAc core,
WT mice were injected with the retrograde AAVr pmSyn1-EBFP-Cre into
the NAc core, and the CRE-dependent AAV8-hSyn-DIO-hM4D(Gi)-mCherry
or the AAV8-CamKII-DIO-hM4D(Gi)-mCherry into the PLC or BLA,
respectively. Hence, only glutamatergic neurons that project to the NAc
core expressed the Gi-coupled designer receptor exclusively activated by
designer drugs (DREADD) in the PLC or BLA (Figure 46A, Figure 47A).

WT animals expressing Gi-coupled DREADDs or control DREAADs were
trained to acquire and maintain nicotine self-administration for 12
consecutive days under an FR1 schedule of reinforcement, followed by a
test for motivation under a PR schedule. PLC-NAc core and BLA-NAc core
pathways were inhibited by DREADD activation with i.v. injections of
clozapine N-oxide (CNO) (1mg/kg, i.v.) or saline immediately before each

training session.

Effect of chemogenetic inhibition of the PLC-NAc core pathway on nicotine
self-administration

Three-way ANOVA repeated measures demonstrated a significant main
effect of nose-poke [F(1,19) = 12.43; p<0.01] and day [Fu1,209 = 12.42;
p<0.001], but not of group [F(2,19) = 1.83; n.s.]. Significant interactions were
revealed between nose-poke and day [F(11,209) = 10.21; p<0.001], but not
between group and day [F(11,209) = 1.13; n.s.], group and nose-poke [Fz,19) =
0.94; n.s.], or among all three factors [F(11,209) = 1.06; n.s.] (Figure 46B). The
area under the curve of active and inactive responses was not significantly

different between groups (Two-way ANOVA repeated measures, group:
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[Fi219) = 1.97; n.s.]; nose-poke: [F1,19) = 11.01; p<0.001]; interaction [F,19)
= 1.05; n.s.]) (Figure 46C).

After training sessions, we tested the motivation for nicotine under a PR
schedule of reinforcement, one-way ANOVA did not reveal a significant
effect of group [F(2,19) = 0.14; n.s.] (Figure 46D).

However, inhibition of the PLC-NAc core pathway decreased the
percentage of mice that fulfilled acquisition criteria compared to saline
[x*>= 2.86; p = 0.09] and CNO control groups [x>= 3.75; p = 0.05]. No
differences were obtained between control groups [x*= 0.08; n.s.] (Figure

46E).

Effect of chemogenetic inhibition of the BLA-NAc core pathway on nicotine
self-administration

Three-way ANOVA repeated measures revealed significant main effects of
nose-poke [F(1,42) = 48.15; p<0.001] and day [F(11,462) = 17.41; p<0.001], but
not of group [Fi42 = 1.45; n.s.]. Significant interactions were revealed
between nose-poke and day [Fj1,462) = 22.6; p<0.001], but not between
group and day [Fa1,462) = 1.16; n.s.], group and nose-poke [F(;,19) = 0.94;
n.s.], or among all three factors [F11,462) = 0.96; n.s.] (Figure 47B). No
differences were obtained comparing the area under the curve of active
and inactive responses among groups (Two-way ANOVA repeated
measures group: [Fi,42) = 1.49; n.s.]; nose-poke: [F(1,42) = 46.75; p<0.001];
interaction: [Fi242) = 1.02; n.s.]) (Figure 47C).

The motivation for nicotine was evaluated under a PR schedule of
reinforcement. The breakpoint achieved was not modified among groups
(One-way ANOVA, group: [Fz,39) = 1.02; n.s.]) (Figure 47D).

The inhibition of glutamatergic transmission from the BLA to the NAc core

did not alter the percentage of mice that fulfilled acquisition criteria
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compared to saline [x?>= 0.08; n.s.] and CNO control groups [x*= 0.34;n.s.].
No differences were obtained comparing control groups [x*= 0.78; n.s.]

(Figure 47E).
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Figure 46. Effect of chemogenetic inhibition of the PLC-NAc core pathway on nicotine

self-administration

A: Scheme of combinatorial viral strategy and representative virus expression in the NAc
core and PLC. B: Time course of nicotine self-administration of AAV-hM4Di-Sal (n=7), and
AAV-Control-CNO (n=10) and AAV-hM4Di-CNO (n=5) groups. C: Area under the curve. D:
Break point und a PR schedule of reinforcement. E: Percentage of fulfilled acquisition
criteria. Data are expressed as mean +SEM. Abbreviations: Adeno associated virus (AAV),
clozapine N-oxide (CNO), nucleus accumbens (Nac), prelimbic cortex (PLC), saline (Sal).
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Figure 47. Effect of chemogenetic inhibition of the BLA-NAc core pathway on nicotine
self-administration

A: Scheme of combinatorial viral strategy and representative virus expression in the NAc
core and BLA. B: Time course of nicotine self-administration of AAV-hM4Di-Sal (n=19), and
AAV-Control-CNO (n=18) and AAV-hM4Di-CNO (n=8) groups. C: Area under the curve. D:
Break point und a PR schedule of reinforcement. E: Percentage of fulfilled acquisition
criteria. Data are expressed as mean *SEM. Abbreviations: Adeno associated virus (AAV),

Basolateral amygdala (BLA), clozapine N-oxide (CNO), nucleus accumbens (Nac), saline
(Sal)

163



Results

Study 2

Phenotypic characterization of Sigma-1 receptor knockout mice

In a first approach, we characterized the phenotypical differences due to
the genetic deletion of the Sig-1R. Sig-1 KO and WT mice were tested for
locomotor activity, anxiety-like behavior, short-term memory, and

novelty-seeking.

Locomotor activity

One-way ANOVA revealed a significant decrease in horizontal activity [F,4s
= 8.52; p<0.01], large movements [Fi4s = 11.74; p<0.01] and rearing
activity [Fi4s5=7.62; p<0.01] in Sig-1R KO mice (Figure 48 A-C).

Anxiety-like behavior

Anxiety-like behavior was tested in the elevated plus-maze and the
light/dark box. In the elevated plus-maze, one-way ANOVA revealed that
the percentage of time spent in open arms was significantly decreased in
KO animals compared to WTs [F1,43=5.21; p<0.05], as well as the number
of total entries [F143=6.16; p<0.05] (Figure 48D, E). In the light/dark box,
the time spent in the light area was not significantly different between KO
and WT mice [Fi4s = 0.54; n.s.], however, the traveled distance was
significantly decreased in Sig-1R KO mice [F145= 6.59; p<0.05] (Figure 48F,
G).

Short-term memory
We used the novel object recognition test to evaluate short-term memory.
One-way ANOVA revealed a significantly decreased discrimination index

in Sig-1R KO mice compared to WT mice [F1,45= 17.76; p<0.001]) (Figure 48
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H). No differences were obtained in total exploration time [Fy45 = 1.55;

n.s.].

Novelty-seeking

Sig-1R KO and WT mice were tested in an operant model of sensation-
seeking to evaluate novelty-seeking and to ensure that Sig-1R KO mice are
able to fulfill an operant task despite the phenotypical differences due to
the constitutive deletion of the Sig-1R.

Sig-1R KO and WT mice were trained for 10 consecutive days under an FR1
(5 days), and FR3 (5 days) schedule of reinforcement. Three-way ANOVA
repeated measures revealed significant main effects of nose-poke [F1,41=
152.72; p<0.001] and day [Fs 360 = 4.16; p<0.001] but not of genotype [F1,41
=0.09; n.s.]. A significant interaction between day and nose-poke [Fg 369 =
8.86; p<0.001] and day and genotype [Fo3se = 2.45; p<0.05] but not
between nose-poke and genotype [Fs 369 = 0.01; n.s.] or among all three
factors [Fq 369 = 1.66; n.s.] was obtained (Figure 48 1). The area under the
curve was tested using a two-way ANOVA repeated measures. Analysis
revealed a significant main effect of nose-poke [F141 = 152.68; p<0.001]
but not of genotype [F1,41= 0.05; n.s.]. No significant interaction between
both factors was obtained [F1,41 = 0.02; n.s.] (Figure 49B). Impulsivity-like
behavior was assessed as the number of active responses in the time-out
phase (10s) after each presentation of the cue-light. Two-way ANOVA
repeated measures demonstrated a significant effect of day [F1,43= 2.03;
p<0.05], but not of genotype [F143=0.16; n.s.] or the interaction of both
factors [Fo3s7=1.89; n.s.] (Figure 48 J). No differences between genotypes
were obtained comparing the area under the curve [F143 = 0.34; n.s.]

(Figure 49D).
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Figure 48. Phenotypic characterization of Sig-1R KO mice.
A-C: Locomotor activity of WT (n=23) and Sig-1R KO (n=24) mice. D, E: Anxiety-like behavior
of WT (n=23) and Sig-1R KO (n=24) mice in the elevated plus-maze. F, G: Anxiety-like
behavior of WT (n=23) and Sig-1R KO (n=24) mice in the light/dark box. H: Assessment of
short-term memory of WT (n=23) and Sig-1R KO (n=24) mice in a novel object recognition
test. I: Time course of active and inactive responding of WT (n=22) and Sig-1RKO (n=21)
mice in an operant model of sensation-seeking. J: Area under the curve of active responses
Data are expressed as mean *SEM. *p<0.05, **p<0.01, ***p<0.001. Abbreviations:
Knockout (KO), wild type (WT).
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Impulsivity-like behavior of Sig-R1 KO mice in operant conditioning

Impulsivity-like behavior was tested in different cohorts of WT and Sig-1R
KO mice. We used 3 different operant models, including drug-self-
administration, food self-administration or a model of sensation-seeking.
Operant conditioning was maintained by nicotine or saline with cue-light,
palatable food with cue-light or the presentation of the cue-light alone,
respectively. Mice were trained for 10 consecutive days under an FR1 (5
days), and FR3 (5 days) schedule of reinforcement to acquire and maintain
operant behavior. Impulsivity-like behavior was assessed as the number

of active responses in the time-out phase (10s) after each reinforcer.

Operant conditioning maintained by nicotine or saline with cue-light

Three-way ANOVA repeated measures revealed a main effect of genotype
[F1,240 = 39.94; p<0.001] and day [Fs2160 = 39.94; p<0.001] but not of drug
[F1,240 = 0.76; n.s.]. No interactions between genotype and drug [Fi240 =
0.10; n.s.], day and genotype [Fo2160= 1.47; n.s.] or among all three factors
[Fo2160= 0.88; n.s.] were obtained (Figure 49A). Testing the area under the
curve, two-way ANOVA showed a significant main effect of genotype [F1,240
= 36.12; p<0.001] but not of drug [F1,240= 0.51; n.s.]. No interaction was

revealed between both factors [F1,240= 0.16; n.s.] (Figure 49B).

Operant conditioning maintained by palatable food

Two-way ANOVA repeated measures revealed a main effect of day [Fo3s7
= 3.79; p<0.001], but not of genotype [F143 = 2.55; n.s.]. No interaction
between genotype and day was obtained (Figure 49C). One-way ANOVA
of the area under the curve showed no significant effect of genotype [Fi,43

=2.18; n.s.] (Figure 49D)
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Operant conditioning maintained by cue-light

Two-way ANOVA repeated measures demonstrated a significant effect of
day [Fs3s7 = 2.03; p<0.05], but not of genotype [F143 = 0.16; n.s.] or the
interaction of both factors [Fo3s7= 1.89; n.s.] (Figure 49E). No differences
between genotypes were obtained comparing the area under the curve

[F1,43=0.34; n.s.] (Figure 49F).

Effect of Sig-1R antagonist BD 1063 on locomotor activity

After operant training of sensation-seeking was finished, locomotor
activity of Sig-1R KO and WT mice was tested 1h after pharmacological
treatment with the Sig-1R antagonist BD 1063 (10mg/kg s.c.) or vehicle.
BD 1063 (10mg/kg s.c.) did not alter locomotor activity in WT mice:
horizontal activity [F1,1 = 1.98; n.s.], large movements [F121 = 1.75; n.s.],
and rearing activity [F1,21=0.08; n.s.] (Suppl.Fig. 1A-C). In contrast, BD 1063
treatment increased large movements in KO mice [F121 = 10.31; p<0.01]
but did not alter their horizontal [F1,1=1.58; n.s.] and rearing activity [F121

=0.63; n.s.] (Suppl.Fig. 1D-F).
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Impulsivity-like behavior in operant conditioning mantained by nicotine/saline
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Figure 49. Impulsivity-like behavior of WT and Sig-1R KO mice in different operant
behavioral models

A, B: Time course and area under the curve of impulsivity-like behavior of WT and Sig-1R
KO mice in operant conditioning maintained by nicotine (nwr=72, nko=51) or saline
(nwt=67, nko=50). C, D: Time course and area under the curve of impulsivity-like behavior
of WT (n=22) and Sig-1R KO (n=23) mice in operant conditioning maintained by palatable
food. E, F: Time course and area under the curve of impulsivity-like behavior of WT (n=22)
and Sig-1R KO (n=23) mice in operant conditioning maintained by cue. Data are expressed
as mean +SEM. ***p<0.001. Abbreviations: Knockout (KO), wild type (WT).
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The implication of Sig-1Rs in the reinforcing properties of nicotine and

the cue-induced reinstatement of nicotine-seeking

We used an operant model of cue-induced reinstatement to evaluate the
reinforcing properties and the motivation for nicotine, as well as the
relapse to nicotine-seeking in WT and Sig-1R KO mice. Furthermore, we
tested the ability of the selective Sig-1R antagonist BD 1063 to modify the
motivation for nicotine and the reinstatement to nicotine-seeking. Data of
operant conditioning maintained by nicotine, extinction and cue-induced
reinstatement of nicotine-seeking were analyzed separately for each
genotype due to the behavioral differences obtained in locomotor activity,
short-term memory, and impulsive- and anxiety-like behavior during the
phenotypical characterization.

WT mice were trained to self-administer either nicotine or saline under an
FR1 (5 days) and FR3 (5 days) schedule of reinforcement. In the acquisition
phase, three-way ANOVA revealed significant main effects of nose-poke
[F1,137 = 371.1; p<0.001], drug [F1,137 = 24.5; p<0.001], and day [Fs 1233 =
91.33; p<0.001]. Significant interactions between nose-poke and drug
[F1,137 = 28.82; p<0.001], nose-poke and day [Fo1233 = 116.93; p<0.001],
drug and day [Fs 1233 = 16.87; p<0.001] and among all three factors [Fo,1233
= 19.21; p<0.001] were obtained. Subsequent Newman-Keuls post-hoc
analysis showed significantly increased active responding of WT mice self-
administering nicotine compared to saline control mice on day 7 (p<0.05),
8 (p<0.01), 9 (p<0.001) and 10 (p<0.001). Responses in the inactive
manipulandum were unchanged (Figure 50A). One-way ANOVA revealed
a significant increase in the area under the curve of active responses in WT
animals exposed to nicotine compared to WT mice exposed to saline [F1,137

= 24.49; p<0.001] (Figure 50B).
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The motivation for nicotine or saline was tested under a PR schedule of
reinforcement, WT NIC and WT SAL mice were treated with either vehicle
or BD 1063 (10mg/kg s.c.) lhour prior to testing. Two-way ANOVA
demonstrated significant main effects of drug [F1,115=18.21; p<0.001], and
treatment [F1115 = 10.88; p<0.01], and a significant interaction between
both factors [F1137 = 4.4; p<0.05]. Subsequent Newman-Keuls post-hoc
analysis revealed a significantly increased breakpoint in vehicle-treated
mice receiving nicotine compared to the saline control group(p<0.001). BD
1063 decreased significantly the motivation for nicotine (p<0.001) but not
for saline (Figure 50C).

As expected, the percentage of animals that achieved acquisition criteria
was significantly higher in WT mice that self-administered nicotine
compared to the saline control group [x?= 20.33; p<0.001] (Figure 50D).
In the extinction phase, mice were trained to decrease operant behavior
to 30% of the average of the last three days of the acquisition phase. All
mice achieved extinction criterion. Furthermore, three-way ANOVA
repeated measures revealed significant main effects of nose-poke [F1,102 =
317.95; p<0.001], drug [Fi102 = 7.53; p<0.01], and day [F9g91s =30.65;
p<0.001]. A significant interaction between day and nose-poke [Fq915 =
64.94; p<0.001] and day and drug [Fs,518 = 5.38; p<0.001] but not between
nose-poke and drug [Fi102 = 2.32; p=0.09] was demonstrated. The
interaction among all three factors was significant [Fo 15 = 4.52; p<0.001].
Subsequent Newman-Keuls post-hoc analysis showed a significant
increase of active responses in WT mice previously exposed to nicotine
compared to the saline control group on day 1 (p<0.05) (Figure 50E).
Cue-induced reinstatement of nicotine-seeking was tested after a
minimum of 10 daily extinction session or whenever the extinction

criterion was reached. WT SAL and WT NIC groups were treated with
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either vehicle or BD 1063 (10mg/kg s.c.) 1h prior to cue-induced
reinstatement testing. Three-way ANOVA repeated measures
demonstrated significant main effects of nose-poke [Fi91 = 166.96;
p<0.001] and treatment [F104=21.44; p<0.001] but not of drug [F1,04=0.19;
n.s.]. A significant interaction between drug and treatment [F19, = 9.03;
p<0.01] nose-poke and treatment [F194=14.75; p<0.001] but not between
nose-poke and drug was revealed [F194=0.19; n.s.]. The interaction among
all three factors was also significant [F194= 9.18; p<0.01]. Newman-Keuls
post-hoc analysis revealed a significant increase in the number of active
responses comparing vehicle-treated WT mice that were previously
exposed to nicotine compared to the vehicle-treated saline control group
(p<0.01). Treatment with the Sig-1R antagonist BD 1063 reversed
increased responding in WT mice that were exposed to nicotine (p<0.001),
and decreased responding compared to the BD 1063-treated control
group (p<0.05). No differences were obtained comparing inactive
responses (Figure 50F).

KO mice were trained to obtain either nicotine or saline under similar
experimental conditions. In the acquisition phase, three-way ANOVA
revealed significant main effects of nose-poke [F1,106 = 411.62; p<0.001]
and day [Foess = 86.0; p<0.001], but not of drug [Fi,10s = 3.37; n.s.].
Significant interactions between nose-poke and drug [Fi106 = 5.76;
p<0.05], nose-poke and day [Fs 954 = 97.94; p<0.001], drug and day [Fg0s4 =
3.74; p<0.001] and among all three factors [Fogssa = 4.23; p<0.001] were
obtained. Subsequent Newman-Keuls post-hoc analysis did not reveal
specific significant differences between active responding of nicotine self-
administration compared to saline on any day of FR1 and FR3 (Figure 51A).
One-way ANOVA demonstrated a tendency of higher responding

comparing the area under the curve of active responses of KO animals self-
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administering nicotine compared to saline control animals [F1,106 = 3.75;

p=0.055] (Figure 51B).
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Figure 50. Cue-induced reinstatement of nicotine-seeking behavior in WT mice.

A: Time course of active and inactive responding of WT mice self-administering nicotine
(n=70) or saline (67). B: Area under the curve of active responding for nicotine or saline. C:
Test for motivation for nicotine or saline under a progressive ratio schedule. Mice were
treated with either BD1063 (10mg/kg s.c.) one hour prior to testing (nwr sac ven=32, Nwr saL
BD=26, NWTNIC VEH=37; NwWTNIC BD=24)- D: Percentage of mice that fulfilled all three acquisition
criteria after 10 days of operant self-administration maintained by nicotine (n=70) or saline
(67). E: Time course of active and inactive responding of WT mice extinguishing operant
behavior after nicotine (n=56) or saline (n=44) self-administration. F: Cue-induced
reinstatement of nicotine-seeking behavior after extinction of operant behavior. Mice
were treated with either BD1063 (10mg/kg s.c.) one hour prior to testing (nwr saL ven=22,
nwt saL 80=21, Nwt nic ven=32, Nwr nic 8o=19). Data are expressed as mean +SEM. *p<0.05,
**p<0.01, ***p<0.001. Abbreviations: Knockout (KO), nicotine (NIC), saline (SAL), vehicle
(VEH), wild type (WT)
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The motivation for nicotine or saline was tested under the same
conditions as explained for WT mice. Animals were treated with BD 1063
(10mg/kg s.c.) or saline 1h before testing. Two-way ANOVA showed a
significant main effect of drug [F1,ss= 12.65; p<0.001] but not of treatment
[F1ss = 0.14; n.s.] nor the interaction between both factors [F1ss = 0.59;
n.s.] (Figure 51C).

No differences were obtained comparing the percentage of fulfilled
acquisition criteria between KO animals that self-administered nicotine vs.
saline [x>= 0.36; n.s.] (Figure 51D).

KO NIC and the KO SAL groups underwent extinction training as previously
described for WT animals. All KO mice achieved the extinction criterion.
Three-way ANOVA repeated measures revealed significant main effects of
nose-poke [F1,70 = 260.99; p<0.001], drug [F1,70 = 7.56; p<0.01], and day
[Fo,630 =37.62; p<0.001], as well as a significant interaction between day
and nose-poke [Fog3zo = 59.03; p<0.001], day and drug [Foes0 = 4.65;
p<0.001] and nose-poke and drug [F1,70= 12.82; p<0.001]. The interaction
among all three factors was significant, as well [Fos30 = 5.06; p<0.001].
Subsequent Newman-Keuls post-hoc analysis showed a significant
increase of active responses in the KO NIC group compared to the KO SAL
group on dayl (p<0.01) (Figure 51E).

After a minimum of 10 daily extinction sessions or whenever the extinction
criterion was reached mice were tested for cue-induced reinstatement.
KO NIC and KO SAL groups were treated with either vehicle or BD 1063
(10mg/kg s.c.) 1h prior to cue-induced reinstatement testing. Three-way
ANOVA repeated measures revealed significant main effects of nose-poke
[Fi67=157.75; p=0.001], treatment [F1,67= 10.31; p<0.01] and drug [F1,67 =
30.14; p<0.001]. A significant interaction between nose-poke and drug
[F1,67=27.20; p=0.001] nose-poke and treatment [F1,6;= 8.41; p<0.01], but
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not of drug and treatment was obtained [F1,67=0.27; n.s.] The interaction

among the three factors was not significant [F167=0.32; n.s.] (Figure 51F).

Nicotine self-administration

(30 ug-kg - Infusion™) Progressive Ratio
A B p=0.055 c
15001 — 150+ ok
1
150 . +
s .
& $ o <
% S 1000 Y% & 1004
100+ 2 LA WA e » w00 e
2 iy 020 Pgge® =
2 - °e® e 80 £
3 6T «® 2
- F 2 x
a -1 . il
5 504 5 500 5
E ocf
=z 0g0!
o
P
d KO SAL KO NIC KO SAL KO NIC
Sessions =3 VEH
—e— Active KO NIC -0 Active KO SAL == BD1063 10mg/kg
—%— Inactive KO NIC --A--  Inactive KO SAL
Fulfilled Cue-induced reinstatement of
acquisiton criteria Extinction nictotine-seeking behavior
450
1004
1607 L ou 2004
£
s '; 3504
" ___ £ 1204 § 300
) 3 H
0 £ 250
£ 2 g
£ 77 & a0 £ 2004 .
=} - [=]
s : 5 150
g 40+ S 100+
z 4
57 50
50 0 o
KOSAL KO NIC ’“;:E; 1 2 3 4 5 6 7 8 9 10 Active respanses Inactive responses
acquisition Sessions
days =1 KOSALVEH E=31 KO NICVEH
_e— Active KO NIC B Active KO SAL = KOSALBD1063 EEE KO NICBD1063
=%~ Inactive KO NIC --&-+ Inactive KO SAL

Figure 51 Cue-induced reinstatement of nicotine-seeking behavior in KO mice.

A: Time course of active and inactive responding of KO mice self-administering nicotine
(n=51) or saline (57). B: Area under the curve of active responding for nicotine or saline. C:
Test for motivation for nicotine or saline under a progressive ratio schedule. Mice were
treated with either BD1063 (10mg/kg s.c.) one hour prior to testing (nko saL ven=28, Nko saL
8p=23, Nko nic ven=24, Nko nicep=17). D: Percentage of mice that fulfilled all three acquisition
criteria after 10 days of operant SA maintained by nicotine (n=51) or saline (57). E: Time
course of active and inactive responding of KO mice extinguishing operant behavior after
nicotine (n=34) or saline (n=31) SA. F: Cue-induced reinstatement of nicotine-seeking
behavior after extinction of operant behavior. Mice were treated with either BD1063
(10mg/kg S.C.) one hour prior to testing (nKo SAL VEH=16, NKo sAL BD:16, Nko NIC VEH=20, Nko NIC
sp=13). Data are expressed as mean +SEM. ***p<0.001. Abbreviations: Knockout (KO),
nicotine (NIC), saline (SAL), vehicle (VEH), wild type (WT)
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The implication of sigma-1 receptors in protein and mRNA expression

after cue-induced reinstatement of nicotine-seeking

After cue-induced reinstatement of nicotine-seeking, brain areas including
the mPFC and the NAc were dissected and processed for relative protein
and mRNA quantification. As explained previously, WT and Sig-1R KO mice

were analyzed separately.

Relative mRNA expression in the mPFC

Relative mMRNA expression for WT (n=4-7/group) and Sig-1R KO
(n=4-6/group) mice was quantified using a TagMan gene expression assay.
Values were normalized to a housekeeping gene. Detailed statistical

analysis is shown elsewhere (see

Sig-1R

In the mPFC, WT mice previously exposed to nicotine demonstrated a
significant increase in Sig-1R mRNA compared to saline control animals
after cue-induced reinstatement of nicotine-seeking (p<0.01).
Pretreatment with BD 1063 reversed this increase (p<0.05). Sig-1R mRNA

was not detectable in KO animals (Figure 52A, Table 3).

GluT1

Relative mRNA expression of the GluT1 was significantly increased in WT
animals with a history of nicotine self-administration compared to the
saline control group (p<0.01). The increase was blunted in WT mice
treated with BD 1063 (p<0.01). No differences were obtained among KO

animals (Figure 52B, Table 3).
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Medial prefrontal cortex
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Figure 52. Relative mRNA expression in the mPFC.
A: Sig-1R. B: GIuT. Data are expressed as mean +SEM. *p<0.05, **p<0.01. Abbreviations:
Glutamate transporter (GLUT), sigma-1 receptor (Sig-1R).

Relative protein expression in the mPFC

Relative protein expression was quantified using immunoblot analysis. For
membrane proteins, both the relative total and cell surface expression
was assessed in WT (n=4-6) and Sig-1R KO (n=4-6) mice. Detailed statistical

analysis is shown elsewhere (see

Glutamate receptors
Relative total and cell surface expressions of glutamatergic receptors,
including NMDARs, AMPARs, and the mGIluR2/3 were assessed after cue-

induced reinstatement of nicotine-seeking.

NMDAR

Relative total and cell surface protein expression of the NMDAR subunits
NR1, NR2A and NR2B, as well as phosphorylation of the NMDAR NR1
subunit at Ser 890, 896 and 897, were tested in the different groups of WT

and KO mice after cue-induced reinstatement of nicotine-seeking.
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In KO mice, no significant main effects of drug or treatment, nor a
significant interaction between both factors was revealed in KO mice in

any protein tested (Table 5).

1. NR1 subunit
Total protein expression was increased in animals treated with BD 1063
compared to vehicle-treated animals (p<0.05) after cue-induced
reinstatement of nicotine-seeking. This increase was independent of the
drug self-administered in the acquisition phase (Suppl.Fig. 2A, Table 5). In
contrast, relative cell surface protein expression of the NR1 subunit was
significantly increased in animals previously exposed to nicotine compared
to saline control groups. Treatment with BD 1063 did not modify cell

surface expression (Figure 53A, Table 5).

1.1. p-NR1 (Ser890)
Phosphorylation of the NMDAR subunit NR1 at Ser890 was significantly
decreased in vehicle-treated WT mice with a history of nicotine-self-
administration when compared to saline control mice treated with vehicle
(p<0.05). BD 1063 did not modify this decrease but significantly decreased
phosphorylation in saline control mice when compared to the vehicle

group (p<0.001) (Figure 53B, Table 5).

1.2.p-NR1 (Ser896)
Phosphorylation at Ser896 was significantly increased in the vehicle and
BD 1063 treated mice that were previously exposed to nicotine compared

to saline control groups (p<0.05) (Suppl.Fig. 2D, Table 5).
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p-NR1 (Ser897)
Phosphorylation at Ser897 was not modified after cue-induced

reinstatement of nicotine-seeking (Suppl.Fig. 2G, Table 5).

2. NR2A subunit
Both total and cell surface expressions of the NMDAR subunit NR2A were
significantly increased after cue-induced reinstatement of nicotine-
seeking in WT mice previously exposed to nicotine compared to saline
control groups (total: p<0.05; cell surface: p<0.01) (Suppl.Fig. 2B, C, Table
5).

3. NR2B subunit
Total and cell surface expression remained unchanged after cue-induced

reinstatement of nicotine-seeking (Suppl.Fig. 2E, F, Table 5).

AMPAR

Relative total and cell surface protein expression of the AMPAR subunits
GIuR1 and GIuR2 were tested in WT and KO mice after cue-induced
reinstatement of nicotine-seeking.

In KO mice, no significant main effects of drug or treatment, nor a
significant interaction between both factors was revealed in KO mice in

any protein tested (Table 5).

1. GluR1 subunit
Total protein expression of the AMPAR subunit GIuR1 was significantly
increased in WT mice treated with vehicle and previously exposed to
nicotine after cue-induced reinstatement of nicotine-seeking (p<0.01). BD

1063 pretreatment partially inhibited this increase (p=0.07) (Suppl.Fig. 2H,
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Table 5). Cell surface expression was significantly increased in vehicle-
treated mice with a history of nicotine self-administration compared to
animals that self-administered saline (p<0.05). BD 1063 blocked this effect
(p<0.01) Figure 53C, Table 5).

2. GIuR2 subunit
The AMPAR subunit GluR2 remained unchanged after cue-induced

reinstatement of nicotine-seeking (Suppl.Fig. 21, J, Table 5).

mGluR2/3

In WT mice, total protein expression was significantly increased in vehicle-
treated mice previously exposed to nicotine compared to vehicle-treated
saline control mice after nicotine relapse. BD 1063 did not modify the
protein increase in nicotine-exposed mice but significantly increased
protein expression in saline control mice compared to vehicle control mice
(p<0.05) (Suppl.Fig. 2K, Table 5). Cell surface expression of mGluR2/3 was
significantly increased in WT mice with a history of nicotine self-
administration compared to saline exposed mice (p<0.01). Pretreatment
with BD 1063 blunted the observed increase in nicotine exposed animals
(p<0.01) (Figure 53D, Table 5).

Total protein expression was unchanged in Sig-1R KO mice (Suppl.Fig. 2K,
Table 5). However, mGIuR2/3 cell surface expression was significantly
decreased in mice with a history of nicotine self-administration compared

to saline control groups (p<0.05) (Figure 53D, Table 5).
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Figure 53 Relative total and cell surface protein expression of glutamate receptors in the

mPFC.

A: Cell surface protein expression of the NR1 subunit. B: Total protein expression of the
p-NR1(Ser890) subunit. C: Cell surface protein expression of the GIuR1 subunit. D: Cell
surface protein expression of the mGIluR2/3. Data are expressed as mean +SEM. *p<0.05,
**p<0.01, ***p<0.001. Abbreviations: Glutamate receptorl (GIuR1l), metabotropic
glutamate receptor2/3 (mGIluR2/3), N-methyl-D-aspartate receptor subunit 1 (NR1),
phosphorylated N-methyl-D-aspartate receptor subunit 1 (p-NR1)
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p-opioid receptor

Total protein expression of MORs was significantly upregulated comparing
nicotine exposed WT mice to the saline control group (p<0.01) after cue-
induced reinstatement of nicotine-seeking. This effect was reversed by BD
1063 treatment (p<0.05) (Figure 54A, Table 6). At the cell membrane, MOR
expression tent to increase after the reinstatement of nicotine-seeking in
animals that were previously exposed to nicotine (p=0.07). BD 1063 did
not change the protein expression of MORs.

No differences in total or cell surface protein expression were obtained

comparing Sig-1R KO mice (Figure 54B, Table 6).
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Figure 54. Relative total and cell surface protein expression of the p-opioid receptor in
the mPFC.

A: Total protein expression of the MOR B: Cell surface protein expression of the MOR. Data
are expressed as mean +SEM. *p<0.05, **p<0.01. Abbreviations: p-opioid receptor (MOR)
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nAChRs and their negative modulator

Relative total and cell surface protein expression of the nAChR subunits a4
and B2, and the negative allosteric modulator of nAChRs LynX1 were
qguantified in the different groups of WT and KO mice after cue-induced
reinstatement of nicotine-seeking.

In KO mice, no significant main effects of drug or treatment, nor a
significant interaction between both factors was revealed in KO mice in

any protein tested (Table 7).

nAChR
1. a4 subunit

Cue-induced reinstatement of nicotine-seeking substantially increased the
total protein expression of the a4 nAChR subunit in animals that were
previously exposed to nicotine compared to saline control mice (p<0.001).
BD 1063 partially reversed the increase observed in nicotine-exposed
animals (p=0.06). BD 1063 did also increase the protein expression in mice
that previously self-administered saline (p<0.001) (Figure 56A, Table 7).
Cell surface expression was significantly decreased in vehicle-treated mice
after the reinstatement of nicotine-seeking compared to the saline control
group (p<0.05). BD 1063 treatment significantly decreased a4 nAChR

subunit expression in control animals (p<0.05) (Figure 56B, Table 7).

2. B2 subunit
Total protein expression of the B2 nAChR subunit was significantly
increased after cue-induced reinstatement of nicotine-seeking in animals
with a history of nicotine self-administration compared to saline control
groups (p<0.05). BD 1063 treatment did not further modify total protein

expression (Figure 56C, Table 7).
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Cell surface expression of the B2 nAChR subunit was significantly
decreased in vehicle-treated mice after cue-induced reinstatement of
nicotine-seeking compared to the vehicle-treated control group. BD 1063
treatment did not further modify cell surface protein expression (Figure

56D, Table 7).

LynX1

The total protein expression of LynX1 has significantly decreased in both
nicotine exposed groups compared to saline control groups after the
reinstatement of nicotine-seeking (p<0.05). BD 1063 treatment did not
reveal any modifications in the total protein expression (Suppl.Fig. 3A
Table 7).

Cell surface expression of LynX1 was unchanged after cue-induced

reinstatement of nicotine-seeking (Suppl.Fig. 3B Table 7).

Intracellular effectors and adhesion proteins

Relative total protein expression of p-CREB, p-ERK2, ERK2, NFkB p50, NF«B
p105, AFosB, and n-cadherin were quantified in the different groups of WT
and KO mice after cue-induced reinstatement of nicotine-seeking.

In KO mice, no significant main effects of drug or treatment, nor a
significant interaction between both factors was revealed in KO mice in

any protein tested.

p-CREB

Total protein expression of p-CREB was significantly increased in vehicle-
treated mice after cue-induced reinstatement of nicotine-seeking
compared to the saline control group (p<0.01). This effect was absent in

BD treated mice. mice (Figure 57A, Table 8).
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nAchR a4

nAchR B2
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Figure 55. Relative total and cell surface protein expression of nAChRs in the mPFC.

A: Total protein expression of the nAChR a4 subunit. B: Cell surface protein expression of
the nAChR a4 subunit. C: Total protein expression of the nAChR B2 subunit. D: Cell surface
protein expression of the nAChR B2 subunit. Data are expressed as mean *SEM. *p<0.05,
**%*<0.001. Abbreviations: nicotinic acetylcholine receptor (nAChR)
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p-ERK2/ERK2

The ratio of p-ERK2/ERK2 was significantly increased in mice that were
previously exposed to nicotine compared to saline control groups
(p<0.05). BD 1063 did not modify the protein expression of p-ERK2 and
ERK2 (Figure 578, Table 8).

NFkB

NFkB p50 total protein expression was unaffected in all groups after cue-
induced reinstatement of nicotine-seeking (Suppl.Fig. 3C, Table 8). In
contrast, its precursor protein NFkB p105 was significantly increased after
the reinstatement of nicotine-seeking in vehicle-treated mice that were
previously exposed to nicotine compared to the saline control group
(p<0.01). The observed increase was blunted due to BD 1063 treatment
(p<0.01) (Figure 57C, Table 8).

AFosB

Total protein expression of AFosB remained stable after cue-induced
reinstatement of nicotine-seeking. Treatment with BD 1063 significantly
decreased AFosB expression compared to vehicle-treated groups.

(Suppl.Fig. 3D, Table 8).

n-Cadherin
Total protein expression was significantly increased after nicotine relapse
in mice with a history of nicotine self-administration compared to saline

control groups. BD 1063 treatment lacked effect (Figure 57D, Table 8).
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Relative mRNA expression in the NAc
In the NAc, relative mRNA expression of WT (n=4-6) and Sig-1R KO mice
(n=3-6) was quantified as previously explained. Detailed statistical analysis

is shown elsewhere (see

Sig-1R

Sig-1 mRNA was significantly increased in mice that were exposed to
nicotine compared to animals that were exposed to saline (p<0.01). BD
1063 had no effect on Sig-1R mRNA expression. Sig-1R mRNA was not
detectable in KO animals (Figure 58A, Table 4).

GluT1

Relative mRNA expression of the GIuT was significantly decreased after
the reinstatement of nicotine-seeking in animals previously self-
administering nicotine compared to saline control groups (p<0.01). No

differences were obtained among KO animals (Figure 58B, Table 4).
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Figure 58 Relative mRNA expression in the NAc.
A: Sig-1R. B: GIuT. Data are expressed as mean +SEM. **p<0.01. Abbreviations: Glutamate
transporter (GLUT), sigma-1 receptor (Sig-1R).
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Relative protein expression in the NAc
Relative protein expression of WT (n=4-6) and Sig-1R KO mice (n=4-6) was
quantified as previously explained. Detailed statistical analysis is shown

elsewhere (see

Glutamate receptors
Relative total and cell surface expression of glutamatergic receptors,
including NMDARs, AMPARs and the mGIuR2/3 was assessed after cue-

induced reinstatement of nicotine-seeking.

NMDAR

Relative total and cell surface protein expression of the NMDAR subunits
NR1, NR2A and NR2B, as well as phosphorylation of the NR1 subunit at Ser
890,896 and 897, were tested in WT and KO mice after cue-induced

reinstatement of nicotine-seeking.

1. NR1 subunit

Total protein expression was significantly increased after nicotine relapse
in mice exposed to nicotine compared to saline exposed groups (p<0.01).
Total protein levels remained unchanged in KO mice (Suppl.Fig. 4A, Table
9).

Cell surface protein expression of the NMDAR NR1 subunit was
significantly increased after the reinstatement of nicotine-seeking in
vehicle-treated mice that self-administered nicotine prior to extinction
compared to saline control mice (p<0.05). Pretreatment with BD 1063
blocked the observed increase (p<0.05). No differences were observed in

the cell surface expression in KO mice (Figure 59A, Table 9).
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1.1.p-NR1 (Ser890)
The phosphorylation of the NMDAR subunit NR1 at Ser890 was not altered
in any of the experimental groups (Suppl.Fig. 4D, Table 9).

1.2.p-NR1 (Ser896)
Phosphorylation at Ser896 of the NR1 subunit was significantly decreased
after the reinstatement of nicotine-seeking in animals previously exposed
to nicotine compared to saline control groups (p<0.05). BD 1063 did not
alter phosphorylation. No differences were obtained comparing groups of

Sig-1 KO mice (Suppl.Fig. 4E, Table 9).

1.3.p-NR1 (Ser897)
The phosphorylation of the NMDAR subunit NR1 at Ser897 remained

unchanged in all experimental groups (Suppl.Fig. 4F, Table 9).

2. NR2A subunit

Total protein expression of the NR2A subunit was significantly increased
in WT mice previously exposed to nicotine compared to saline control
groups. Treatment with BD 1063 did not alter protein expression. NR2A
was not modified in KO mice (Suppl.Fig. 4B, Table 9).

Cell surface protein expression of the NR2A subunit was significantly
increased after the reinstatement of nicotine-seeking in vehicle-treated
mice that self-administered nicotine prior to extinction compared to saline
control mice (p<0.01). Pretreatment with BD 1063 blunted this increase
(p<0.01). No differences were observed in the cell surface expression in

KO mice (Figure 59B, Table 9).
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3. NR2B subunit

Total protein expression of the NR2B subunit increased significantly upon
reinstatement of nicotine-seeking in vehicle-treated WT mice that had
self-administered nicotine in the acquisition phase compared to saline
control groups (p<0.05). BD 1063 did not alter protein expression. In
contrast, NR2B expression was significantly decreased in KO mice that
were previously exposed to nicotine compared to saline control groups
(p<0.05). BD 1063 treatment did not modify protein expression (Suppl.Fig.
4C, Table 9).

Cell surface expression was significantly increased in vehicle-treated WT
mice after nicotine relapse compared to saline control mice (p<0.05). BD
1063 did not significantly change cell surface expression. In KO mice, cell
surface expression of NR2B was significantly decreased after nicotine
relapse in mice previously exposed to nicotine compared to saline groups

(p<0.05) (Figure 59C, Table 9).

AMPAR
Relative total and cell surface protein expression of the AMPAR subunits
GluR1 and GIuR2 were tested in WT and KO mice after cue-induced

reinstatement of nicotine-seeking.

1. GluR1 subunit
Total protein expression after cue-induced reinstatement of nicotine-
seeking was strikingly increased in WT mice that were exposed to nicotine
compared to saline groups (p<0.001) but decreased in KO mice comparing
nicotine and saline exposed animals (p<0.05) (Suppl.Fig. 4G Table 9).
The cell surface expression did not significantly change after nicotine

relapse in any experimental group (Suppl.Fig. 4H Table 9).
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2. GluR2 subunit

Total protein expression of the AMPAR subunit GIuR2 remained
unchanged in all experimental groups (Suppl.Fig. 4] Table 9).

In contrast, cell surface expression significantly increased upon cue-
induced reinstatement of nicotine-seeking in WT animals that self-
administered nicotine in the acquisition phase compared to saline groups
(p<0.05). The GIuR2 subunit remained unchanged in KO mice (Figure 59D,
Table 9).

mGluR2/3

Total and cell surface expression of the mGIluR2/3 was not modified in any
group after cue-induced reinstatement of nicotine-seeking (Suppl.Fig. 4J,

K, Table 9).

p-opioid receptor
Total and cell surface expression of the MOR was not modified in any
group after cue-induced reinstatement of nicotine-seeking (Suppl.Fig. 5A,

B, Table 10).

nAChRs and their negative modulator

Relative total and cell surface protein expression of the nAChR subunits a4
and B2, and the negative modulator LynX1 were tested in the different
groups of WT and KO mice after cue-induced reinstatement of nicotine-
seeking. In KO mice, no significant main effects of drug or treatment, nor
a significant interaction between both factors was revealed in KO mice in

any protein tested (Table 11).
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Figure 59. Relative total and cell surface protein expression of glutamate receptors

A: Cell surface protein expression of the NR1 subunit. B: Cell surface protein expression of
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protein expression of the GIuR2. Data are expressed as mean +SEM. +p<0.05, **p<0.01.
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(NR1).
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nAChR

1. a4 subunit
Total protein expression of the a4 nAChR subunit was significantly
increased upon reinstatement of nicotine-seeking in animals with a history
of nicotine self-administration compared to saline control groups
(p<0.01). (Figure 60A, Table 11).
The same result was obtained for the cell surface expression of the a4

nAChR subunit (p<0.05) (Figure 60B, Table 11).

2. B2 subunit
The total protein expression of the 2 nAChR subunit was not altered after
cue-induced reinstatement of nicotine-seeking (Figure 60C, Table 11).
In contrast, cell surface expression increased significantly in vehicle-
treated WT mice exposed to nicotine compared to the vehicle-treated
saline control group (p<0.05). Pretreatment with BD 1063 blocked this
increase (p<0.05) (Figure 60D, Table 11).

LynX1

No significant differences were obtained quantifying the total and cell
surface protein expression of LynX1 after cue-induced reinstatement of

nicotine-seeking (Suppl.Fig. 5D, E, Table 10).

Intracellular effectors and adhesion proteins
Relative total protein expression of p-CREB, p-ERK2, ERK2, NFkB p50, NFkB
p105, AFosB, and n-cadherin were quantified in the different groups of WT

and KO mice after cue-induced reinstatement of nicotine-seeking.
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p-CREB

p-CREB expression increased upon reinstatement of nicotine-seeking in
WT mice exposed to nicotine compared to saline control groups (p<0.05).
BD 1063 did not alter the levels of p-CREB. Protein levels remained
unchanged in Sig-1R KO mice (Figure 61A, Table 12).

-ERK2/ERK2
The ratio of p-ERK2/ERK2 was not modified after cue-induced
reinstatement od nicotine-seeking in any experimental group (Suppl.Fig.

5C, Table 12).

NFkB
NFkB p50 protein levels did not alter upon nicotine relapse in any
experimental group (Suppl.Fig. 5C, F, Table 12).

Protein levels of NFkB p105 were increased after nicotine relapse in WT
but not in KO mice that previously self-administered nicotine in the
acquisition phase (p<0.05). Bd 1063 did not change the protein expression
of NFkB p105 in WT or KO mice (Figure 61C, Table 12).

AFosB
Levels of AFosB were significantly increased in WT but not in KO mice that
were exposed to nicotine compared to saline groups (p<0.05) (Figure 61B,

Table 12).

n-Cadherin
WT mice exposed to nicotine showed increased protein levels of n-
cadherin after the reinstatement of nicotine-seeking compared to saline

control mice (p<0.05). In contrast, n-cadherin decreased after cue-induced
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reinstatement in KO mice that were exposed to nicotine compared to

saline control groups (p<0.05) ) (Figure 61D, Table 12).
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Results

The implication of the Sigma-1 receptor in the reinforcing properties of

palatable food and the cue-induced reinstatement of food-seeking

We performed a second study under similar conditions as explained for
nicotine, but with chocolate-flavored pellets as reinforcer, to study the
involvement of Sig-1Rs in the reinforcing properties and the relapse to a
natural reward. Therefore, a new cohort of Sig-1R KO and WT mice were
trained to self-administer palatable chocolate-flavored food pellets
(20mg/pellet) under an FR1 (5 days), and FR3 (5 days) schedule of
reinforcement. In the acquisition phase, three-way ANOVA revealed
significant main effects of nose-poke [F1,43 = 469.9; p<0.001], day [Fo3s7 =
75.54; p<0.001], but not of genotype [F143 = 1.61; n.s.]. Furthermore,
significant interactions between nose-poke and day [Fe3s; = 73.73;
p<0.001], day and genotype [Fo337= 2.02; p<0.05], among all three factors
[Fo387 = 1.97; p<0.05] but not between nose-poke and genotype were
obtained [Fq3s7 = 1.89; n.s.]. However, subsequent Newman-Keuls post-
hoc analysis showed no significant differences in active responding
between genotypes during the acquisition phase (Figure 62A). Two-way
ANOVA repeated measures of the area under the curve demonstrated a
significant effect of nose-poke [Fi43 = 417.87; p<0.001] but not of
genotype [F143 = 1.37; n.s.], nor a significant interaction between both
factors [F1,43=1.54; n.s.] (Figure 62B).The acquisition criteria were fulfilled
by all mice of both genotypes.

The motivation for palatable food was tested under a PR schedule of
reinforcement and WT and Sig-1R KO animals were treated with either
vehicle or BD 1063 (10mg/kg s.c.) 1h prior to testing. Two-way ANOVA

revealed a significant main effect of genotype [F1,41 = 4.89; p<0.05], but not
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of treatment [F141 = 1.01; n.s.] nor the interaction between both factors
[F1,21=0.13; n.s.] (Figure 62C).

In the extinction phase, WT and Sig-1R KO mice were trained to decrease
operant behavior to 30% of the average of the last three days of the
acquisition phase. All mice achieved extinction criterion. Three-way
ANOVA repeated measures revealed significant main effects of nose-poke
[F1a3 = 186.76; p<0.001] and day [Fo3s7 = 44.12; p<0.001], but not of
genotype [F143= 0.04; n.s.]. The interaction between day and nose-poke
was significant [Fg3s7= 1.97; p<0.001]. No significant interaction between
nose-poke and genotype [F1,43=1.94; n.s.], day and genotype [Fo337=2.86;
p=0.09], or among all three factors was revealed [Fs 357 = 1.09; n.s.]. (Figure
62F). Mice were tested for cue-induced reinstatement of food-seeking
behavior after a minimum of 10 daily extinction session or whenever the
extinction criterion was reached. WT and Sig-1R KO mice were treated
with either vehicle or BD 1063 (10mg/kg s.c.). Three-way ANOVA repeated
measures demonstrated significant main effects of nose-poke [Fi41 =
100.16; p<0.001], treatment [F141 = 7.37; p<0.01], and genotype [F141 =
4.32; p<0.05]. Furthermore, a significant interaction between genotype
and treatment [F1,41 = 6.34; p<0.05], nose-poke and treatment [F141 = 4.1;
p<0.05], nose-poke and genotype [Fi41= 6.46; p<0.05], as well as the
interaction among all three factors was obtained [F14 = 9.36; p=0.01].
Newman-Keuls post-hoc analysis revealed a significant decrease in the
number of active responses comparing Sig-1R KO mice (vehicle) to WT
mice (vehicle) (p<0.001). In addition, the Sig-1R antagonist decreased
significantly active responding of WT mice (p<0.001) but had no effect in
Sig-1R KO mice. No differences were obtained in the number of inactive

responses among groups (Figure 62G).
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Figure 62. Cue-induced reinstatement of nicotine-seeking behavior.

A: Time course of active and inactive responding of WT (n=22) and Sig-1R KO (n=23) mice
of palatable food SA. B: Area under the curve of active and inactive responses. C: Test for
motivation for palatable food under a progressive ratio schedule. Mice were treated with
either BD1063 (10mg/kg s.c.) one hour prior to testing (nwrven=11, nwrep=11, nko ven=12,
nko sp=11). D: Time course of active and inactive responding of WT (n=22) and Sig-1R KO
(n=23) mice extinguishing operant behavior after food self-administration. E: Cue-induced
reinstatement of food-seeking behavior after extinction of operant behavior. Mice were
treated with either BD1063 (10mg/kg s.c.) one hour prior to testing (nwrven=11, nwrep=11,
nko ven=12, ngo sp=11). Data are expressed as mean *SEM. *p<0.05, ***p<0.001.
Abbreviations: Knockout (KO), vehicle (VEH), wildtype (WT)
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Suppl.Fig. 1. Phenotypic characterization of Sig-1R KO mice.

A-F: Locomotor activity of WT and Sig-1R KO mice treated with BD 1063 (10mg/kg) 1h
prior to testin (nwrven=11, nwreo=12, Nkoven=12, Nkoep=12). G, H: Anxiety-like behavior of
WT (n=23) and Sig-1R KO (n=24) mice in a light/dark box. I: Operant responding of WT
(n=21) and Sig-1R KO (n=21) mice in a model of sensation-seeking. Data are expressed as
mean SEM. *p<0.05, **p<0.01, ***p<0.001. Abbreviations: Knockout (KO), vehicle
(VEH), wild type (WT).
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Suppl.Fig. 2.Relative total and cell surface protein expression of glutamate recpetors in
the mPFC.

A: Total protein expression of the NR1 subunit. B, C: Total and cell surface protein
expression of the NR2A subunit. D: Total protein expression of the p-NR1(Ser896) subunit.
E, F: Total and cell surface protein expression of the NR2B subunit. G: Total protein
expression of the p-NR1(Ser897) subunit. H: Total protein expression of the GIuR1 subunit.
1, J: Total and cell surface protein expression of the GIuR2 subunit. K: Total protein
expression of the mGIluR2/3. Data are expressed as mean *SEM. *p<0.05, **p<0.01.
Abbreviations: Glutamate receptor subunit (GIuR), metabotropic glutamate receptor
(mGIuR), N-methyl-D-aspartate receptor subunit (NR), phosphorylated N-methyl-D-
aspartate receptor subunit 1 (p-NR1).

204



Supplementary results

Medial prefrontal cortex

A Total protein expression B Total protein expression C  cell surface protein expression
5 0w
25 25 ! :
1 1 1 ko
20 - ' 3 20 ! e _4 H
7 == 5 i E '
5 e i § i 1 £ H
Il 0 ® 1 H 2813 !
s . i o g ls I c - i
%3 5 Vo . %3 . i i :
) z @ I £ SRR i1 !
L3 [ ) P N S W o o W - £22 i
E H ' O o - I * H o ! o
g H H : H . £ . o o,
Ll N IS o o ile ° H
Nicotine - + + - - 4+ Nicotine - - R - - - + Nicotine - - + + - - + +
01063 -+ S s S e BD 1063 + + + + 801063 Sy S
o [ e
D Total protein expression
25
z 2.0
i
mg 15
gy
55 104
£ o5
Nicotin B

A, B: Total and cell surface protein expression of LynX1. C: Total protein expression of NFkB
p50. D: Total protein expression of AFosB. Data are expressed as mean *SEM. *p<0.05.
Abbreviations: Nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB).
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Suppl.Fig. 4. Relative total and cell surface protein expression of glutamate receptors in
the NAc
A: Total protein expression of the NR1 subunit. B: Total protein expression of the NR2A
subunit. C: Total protein expression of the NR2B subunit. D: Total protein expression of the
p-NR1(Ser890) subunit. E: Total protein expression of the p-NR1(Ser896) subunit. F: Total
protein expression of the p-NR1(Ser897) subunit. G, H: Total and cell surface protein
expression of the GIuR1 subunit. I: Total protein expression of the GIuR2 subunit. J, K: Total
and cell surface protein expression of the mGIluR2/3. Data are expressed as mean +SEM.
*p<0.05, **pz0.01, ***p<0.001. Abbreviations: Glutamate receptor subunit (GIuR),
metabotropic glutamate receptor (mGIuR), N-methyl-D-aspartate receptor subunit (NR),
phosphorylated N-methyl-D-aspartate receptor subunit 1 (p-NR1).
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Suppl.Fig. 5. Relative total and cell surface protein expression in the NAc.
A, B: Total and cell surface protein expression of MOR. C: Total protein expression of the

ratio of p-ERK2/ERK2. D,E:

Total and cell surface protein expression of LynX1.F:Total

protein expression of NFkB p50. Data are expressed as mean +SEM. Abbreviations:
extracellular signal-regulated kinase (ERK), p-opioid receptor (MOR), nuclear factor kappa-
light-chain-enhancer of activated B cells (NFkB), phosphorylated extracellular signal-

regulated kinase (p-ERK)

Table 3. Two-way ANOVA statistical analysis of relative mRNA expression in the mPFC.

Sigma-1 receptor
Factor names WT KO Figure number
F(1,19) p-value F(1,15) p-value
DRUG 11.19 <0.01 0.14 n.s. .
TREATMENT 4.63 z<o.os 0.67 n.s. Figure 46A
DRUG x TREATMENT 4.45 p<0.05 | 1.6 h.s.
Glutamate transporter
Factor names WT KO Figure number
F(1,19) p-value F(1,19) p-value
DRUG 5.4 <0.05 3.17 n.s. .
TREATMENT 4.74 S<o.05 1.39 n.s. Figure 46B
DRUG x TREATMENT 6.21 p<0.05 1.73 n.s.
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Table 4. Two-way ANOVA statistical analysis of relative mRNA expression in the NAc.

Sigma-1 receptor
Factor names WT KO Figure number
F(1,20) p-value F(1,15) p-value
DRUG 0.21 n.s. 0.72 n.s. .
TREATMENT 16.55  p<0.001  1.06 n.s. Figure S1A
DRUG x TREATMENT 8.46 p<0.01 | 0.4 n.s.
Glutamate transporter
Factor names WT KO Figure number
F(1,20) p-value F(1,16) p-value
DRUG 9.2 <0.01 0.87 n.s. .
TREATMENT 1.63 i n.s. 4.09 n.s. Figure S1A
DRUG x TREATMENT 0.06 n.s. 0.54 n.s.

Table 5. Two-way ANOVA statistical analysis of relative total and cell surface protein
expression of glutamate receptors in the mPFC.

NR1
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.85 n.s. 0.01 n.s. .
TREATMENT 4.52 p<0.05 0.01 ns. | SuPPl-Fig-2A
DRUG x TREATMENT 0.07 n.s. 1.41 n.s.
NR1
Cell surface expression
Factor names WT KO Figure number
F(1,16) p-value F(1,16) p-value
DRUG 6.16 <0.05 0.02 n.s. .
TREATMENT 1.65 i n.s. 0.88 n.s. Figure 47A
DRUG x TREATMENT 0.03 n.s. 1.06 n.s.
p-NR1 (Ser 890)
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.21 n.s. 1.038 n.s. .
TREATMENT 1655  p<0.001 | 0.26 n.s. Figure 478
DRUG x TREATMENT 8.46 p<0.01 0.68 n.s.
p-NR1 (Ser 896)
Total protein expression
Factor names WT KO Figure number
F(1,19) p-value F(1,19) p-value
DRUG 8.11 <0.05 0.03 n.s. .
TREATMENT 0.84 P n.s. 0.23 ns. | Suppl-Fig. 2D
DRUG x TREATMENT 0.32 n.s. 0.14 n.s.
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p-NR1 (Ser 897)
Total protein expression

Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.06 n.s. 0.69 n.s. .
TREATMENT 0.03 n.s. 0.001 ns. | SupPl-Fig.26
DRUG x TREATMENT 0.08 n.s. 0.98 n.s.
NR2A
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,19) p-value
DRUG 7.64 <0.05 1.36 n.s. .
TREATMENT 0.28 i n.s. 0.3 ns, | SupPl-Fig. 28
DRUG x TREATMENT 1.96 n.s. 0.09 n.s.
NR2A
Cell surface expression
Factor names WT KO Figure number
F(1,19) p-value F(1,20) p-value
DRUG 8.65 <0.01 0.01 n.s. .
TREATMENT 2.23 i n.s. 0.16 ns, | SuPpl-Fig. 2C
DRUG x TREATMENT 0.02 n.s. 2.04 n.s.
NR2B
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.14 n.s. 0.02 n.s. .
TREATMENT 0.9 n.s. 0.39 ns. | SupPl-Fie- 2
DRUG x TREATMENT 1.73 n.s. 1.36 n.s.
NR2B
Cell surface expression
Factor names WT KO Figure number
F(1,12) p-value F(1,12) p-value
DRUG 0.92 n.s. 0.03 n.s. .
TREATMENT 0.28 n.s. 2.53 ns. | Suppl-Fig. 2F
DRUG x TREATMENT 0.59 n.s. 0.07 n.s.
GluR1
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 5.29 <0.05 0.4 n.s. .
TREATMENT 035 P n.s. 0.83 ns. | Suppl-Fig.2H
DRUG x TREATMENT 4.48 p<0.05 1.39 n.s.
GluR1
Cell surface expression
Factor names WT KO Figure number
F(1,17) p-value F(1,20) p-value
DRUG 0.5 n.s. 2.0 n.s. .
TREATMENT 2.45 n.s. 1.75 n.s. Figure 47¢
DRUG x TREATMENT 7.06 p<0.05 1.76 n.s.

209




Supplementary results

GluR2
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.02 n.s. 1.32 n.s. Suppl. Fig. 2!
TREATMENT 5.93 p<0.05 0.06 n.s.
DRUG x TREATMENT 1.2 n.s. 0.95 n.s.
GluR2
Cell surface expression
Factor names WT KO Figure number
F(1,19) p-value F(1,20) p-value
DRUG 1.61 n.s. 2.08 n.s. .
TREATMENT 0.37 n.s. 0.79 ns. | Suppl-Fig-2)
DRUG x TREATMENT 1.07 n.s. 0.43 n.s.
mGluR2/3
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 2.05 n.s. 0.29 n.s. .
TREATMENT 1.26 n.s. 0.003 ns. | Suppl-Fig. 2K
DRUG x TREATMENT 7.52 p<0.05 4.32 n.s.
mGIluR2/3
Cell surface expression
Factor names WT KO Figure number
F(1,15) p-value F(1,15) p-value
DRUG 2.52 n.s. 5.58 p<0.05 .
TREATMENT 8.14 p<0.05 0.06 n.s. Figure 47D
DRUG x TREATMENT 7.78 p<0.05 0.3 n.s.

Table 6. Two-way ANOVA statistical analysis of relative total and cell surface protein
expression of the MOR in the mPFC.

MOR
Total protein expression
Factor names WT KO Figure number
F(1,14) p-value F(1,15) p-value
DRUG 6.67 <0.05 0.02 n.s. .
TREATMENT 105 s 0.16 n.s. Figure 48A
DRUG x TREATMENT 4.93 p<0.05 0.18 n.s.
MOR
Cell surface expression
Factor names WT KO Figure number
F(1,19) p-value F(1,19) p-value
DRUG 3.6 n.s. 0.15 n.s. .
TREATMENT 0.13 n.s. 2.13 n.s. Figure 488
DRUG x TREATMENT 0.0003 n.s. 0.17 n.s.
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Table 7. Two-way ANOVA statistical analysis of relative total and cell surface protein
expression of nAChRs and their modulators in the mPFC.

nAChR a4
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 12.18 <0.01 0.2 n.s. .
TREATMENT 1.95 i n.s. 1.19 n.s. Figure 49A
DRUG x TREATMENT 17.49 0.001 1.71 n.s.
nAChR a4
Cell surface expression
Factor names WT KO Figure number
F(1,15) p-value F(1,16) p-value
DRUG 1.17 n.s. 0.07 n.s. .
TREATMENT 1.64 n.s. 0.02 n.s. Figure 498
DRUG x TREATMENT 5.42 p<0.05 2.22 n.s.
nAChR B2
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 4.69 <0.05 0.03 n.s. .
TREATMENT 0.01 P n.s. 0.04 n.s. Figure 49C
DRUG x TREATMENT 0.67 n.s. 1.77 n.s.
nAChR B2
Cell surface expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 2.44 n.s. 2.29 n.s. .
TREATMENT 0.21 n.s. 0.01 n.s. Figure 49D
DRUG x TREATMENT 7.78 p<0.05 0.21 n.s.
LynX1
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 8.67 <0.01 0.3 n.s. .
TREATMENT 0.86 i n.s. 0.33 ns, | SuPPl-Fig.3A
DRUG x TREATMENT 1.46 n.s. 0.001 n.s.
LynX1
Cell surface expression
Factor names WT KO Figure number
F(1,19) p-value F(1,20) p-value
DRUG 0.26 n.s. 1.24 n.s. .
TREATMENT 0.15 n.s. 2.13 ns, | Suprl-Fig. 38
DRUG x TREATMENT 0.86 n.s. 0.03 n.s.
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Table 8. Two-way ANOVA statistical analysis of relative total and cell surface protein
expression of intracellular effectors and adhesion molecules in the mPFC.

p-CREB
Total protein expression
Factor names WT KO Figure number
F(1,19) p-value F(1,20) p-value
DRUG 7.52 <0.05 3.41 n.s. .
TREATMENT 0.09 i n.s. 0.16 n.s. Figure S0A
DRUG x TREATMENT 5.27 p<0.05 0.005 n.s.
p-ERK2/ERK
Total protein expression
Factor names WT KO Figure number
F(1,19) p-value F(1,19) p-value
DRUG 5.01 <0.01 1.35 n.s. .
TREATMENT 0.01 i n.s. 2.48 n.s. Figure 508
DRUG x TREATMENT 0.001 n.s. 1.3 n.s.
NFkB p50
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 2.21 n.s. 0.42 n.s. .
TREATMENT 2.37 n.s. 0.03 ns. | Suppl-Fig.3C
DRUG x TREATMENT 0.02 n.s. 0.001 n.s.
NFkB p105
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 8.83 <0.01 0.4 n.s. .
TREATMENT 5.12 s<o.05 1.26 n.s. Figure 50C
DRUG x TREATMENT 4.44 p<0.05 0.36 n.s.
AFosB
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,19) p-value
DRUG 0.7 n.s. 0.39 n.s. .
TREATMENT 5.13 p<0.05 0.1 ns, | ouppl-Fig.3D
DRUG x TREATMENT 0.2 n.s. 1.24 n.s.
n-Cadherin
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,17) p-value
DRUG 9.54 <0.01 0.01 n.s. .
TREATMENT 0.02 P n.s. 1.27 n.s. Figure 50D
DRUG x TREATMENT 1.9 n.s. 0.01 n.s.
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Table 9. Two-way ANOVA statistical analysis of relative total and cell surface protein
expression of glutamate receptors in the NAc.

NR1
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 9.86 <0.01 1.09 n.s. .
TREATMENT 5.16 :<o.05 1.06 ns, | Suppl-Fig4A
DRUG x TREATMENT 0.07 n.s. 0.25 n.s.
NR1
Cell surface expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.83 n.s. 0.01 n.s. .
TREATMENT 2.2 n.s. 0.01 n.s. Figure 52A
DRUG x TREATMENT 3.43 p<0.05 0.25 n.s.
p-NR1 (Ser 890)
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,19) p-value
DRUG 0.89 n.s. 0.3 n.s. .
TREATMENT 0.15 n.s. 1.06 ns, | SuPpl-Fig4D
DRUG x TREATMENT 3.19 n.s. 0.2 n.s.
p-NR1 (Ser 896)
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 5.07 <0.05 1.14 n.s. .
TREATMENT 0.46 i n.s. 0.12 ns. | SupPl-Fig.4E
DRUG x TREATMENT 0.39 n.s. 0.89 n.s.
p-NR1 (Ser 897)
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.46 n.s. 1.72 n.s. .
TREATMENT 1.09 n.s. 0.08 ns. | SuPPl-FigdF
DRUG x TREATMENT 3.0 n.s. 0.8 n.s.
NR2A
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,19) p-value
DRUG 5.68 <0.05 1.89 n.s. .
TREATMENT 1.94 P n.s. 0.16 ns. | SuPPl-Fig4B
DRUG x TREATMENT 0.3 n.s. 0.01 n.s.
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NR2A

Cell surface expression

Factor names WT KO Figure number
F(1,19) p-value F(1,20) p-value
DRUG 5.59 <0.05 1.68 n.s. .
TREATMENT 5.59 :<o.05 0.31 n.s. Figure 528
DRUG x TREATMENT 6.17 p<0.05 0.89 n.s.
NR2B
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 4.76 <0.05 4.83 <0.05 .
TREATMENT 0.94 i n.s. 1.13 i ns, | SuPpl-Fig4C
DRUG x TREATMENT 0.09 n.s. 0.03 n.s.
NR2B
Cell surface expression
Factor names WT KO Figure number
F(1,15) p-value F(1,12) p-value
DRUG 7.09 <0.05 5.59 <0.05 .
TREATMENT 3.11 pn.s. 0.41 IDn.s. Figure 52¢
DRUG x TREATMENT 0.45 n.s. 0.001 n.s.
GluR1
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 16.13 <0.001 4.83 <0.05 .
TREATMENT 5.53 l0p<0.05 0.28 i ns. | Suppl Fig:4G
DRUG x TREATMENT 0.26 n.s. 0.29 n.s.
GluR1
Cell surface expression
Factor names WT KO Figure number
F(1,18) p-value F(1,20) p-value
DRUG 4.37 n.s. 1.0 n.s. .
TREATMENT 0.003 n.s. 1.01 ns. | Suppl-Fig4H
DRUG x TREATMENT 1.28 n.s. 0.003 n.s.
GluR2
Total protein expression
Factor names WT KO Figure number
F(1,20) p F(1,20) P
DRUG 0.18 n.s. 1.9 n.s. Suppl. Fig.4l
TREATMENT 1.4 n.s. 1.95 n.s.
DRUG x TREATMENT 0.03 n.s. 1.13 n.s.
GluR2
Cell surface expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 4.42 <0.05 0.01 n.s. .
TREATMENT 0.003 i n.s. 0.002 n.s. Figure 52D
DRUG x TREATMENT 0.23 n.s. 0.45 n.s.
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mGIluR2/3
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 1.14 n.s. 1.08 n.s. .
TREATMENT 0.69 n.s. 0.34 ns. | SuPpl-Figdl
DRUG x TREATMENT 0.48 n.s. 1.38 n.s.
mGluR2/3
Cell surface expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.15 n.s. 0.07 n.s. .
TREATMENT 1.0 n.s. 0.000 ns, | Suppl-Fig4k
DRUG x TREATMENT 0.07 n.s. 1.5 n.s.

Table 10. Two-way ANOVA statistical analysis of relative total and cell surface protein
expression of the MOR in the NAc.

MOR
Total protein expression
Factor names WT KO Figure number
F(1,19) p-value F(1,18) p-value
DRUG 0.7 n.s. 1.82 n.s. .
TREATMENT 1.04 n.s. 0.32 ns, | SuPPl-FigSA
DRUG x TREATMENT 0.93 n.s. 0.25 n.s.
MOR
Cell surface expression
Factor names WT KO Figure number
F(1,8) p-value F(1,8) p-value
DRUG 3.15 n.s. 0.24 n.s. .
TREATMENT 6.43 p<0.05 | 0.001 ns. | SuPpl-Fig:5B
DRUG x TREATMENT 0.38 n.s. 0.08 n.s.

Table 11. Two-way ANOVA statistical analysis of relative total and cell surface protein
expression of nAChRs and their modulators in the NAc.

nAChR a4
Total protein expression
Factor names WT KO Figure number
F(1,19) p-value F(1,19) p-value
DRUG 12.35 <0.01 0.2 n.s. .
TREATMENT 0.72 i n.s. 0.19 n.s. Figure 53A
DRUG x TREATMENT 2.83 n.s. 2.05 n.s.
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nAChR a4
Cell surface expression
Factor names WT KO Figure number
F(1,20) p-value F(1,17) p-value
DRUG 8.54 <0.01 0.8 n.s. .
TREATMENT 0.17 i n.s. 0.03 n.s. Figure 538
DRUG x TREATMENT 0.31 n.s. 0.2 n.s.
nAChR B2
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.37 n.s. 0.01 n.s. .
TREATMENT 0.83 n.s. 0.1 n.s. Figure 53¢
DRUG x TREATMENT 3.72 n.s. 0.17 n.s.
nAChR B2
Cell surface expression
Factor names WT KO Figure number
F(1,19) p-value F(1,20) p-value Figure 53D
DRUG 1.39 n.s. 0.05 A
TREATMENT 0.29 n.s. 0.02 n.s.
DRUG x TREATMENT 6.33 p<0.05 0.27 n.s.
LynX1
Total protein expression
Factor names WT KO Figure number
F(1,16) p-value F(1,16) p-value
DRUG 1.69 n.s. 0.47 n.s. .
TREATMENT 0.06 n.s. 0.2 ns, | SuPpl-FigsD
DRUG x TREATMENT 0.7 n.s. 0.07 n.s.
LynX1
Cell surface expression
Factor names WT KO Figure number
F(1,15) p-value F(1,15) p-value
DRUG 0.06 n.s. 0.16 n.s. .
TREATMENT 0.25 n.s. 3.22 ns. | SuPPl-Fie:SE
DRUG x TREATMENT 4.69 p<0.05 0.13 n.s.
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Table 12. Two-way ANOVA statistical analysis of relative total and cell surface protein
expression of intracellular effectors and adhesion molecules in the NAc.

p-ERK2/ERK
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.82 n.s. 0.24 n.s. .
TREATMENT 0.12 n.s. 0.14 ns. | SuPPl-Fig:5C
DRUG x TREATMENT 0.13 n.s. 0.17 n.s.
p-CREB
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 7.20 <0.05 3.70 n.s. .
TREATMENT 2.9 i n.s. 0.04 n.s. Figure 61A
DRUG x TREATMENT 0.45 n.s. 0.59 n.s.
NFkB p50
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 0.09 n.s. 0.03 n.s. Suppl. Fig.5F
TREATMENT 0.03 n.s. 0.07 n.s.
DRUG x TREATMENT 0.94 n.s. 0.27 n.s.
NFkB p105
Total protein expression
Factor names WT KO Figure number
F(1,19) p-value F(1,20) p-value
DRUG 5.7 <0.05 1.19 n.s. .
TREATMENT 171 i n.s. 0.01 n.s. Figure 61C
DRUG x TREATMENT 2.79 n.s. 2.24 0.15
AFosB
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,20) p-value
DRUG 6.94 <0.05 1.1 n.s. .
TREATMENT 1.17 i n.s. 0.01 n.s. Figure 618
DRUG x TREATMENT 0.04 n.s. 0.22 n.s.
n-Cadherin
Total protein expression
Factor names WT KO Figure number
F(1,20) p-value F(1,17) p-value
DRUG 7.09 <0.05 4.63 <0.05 .
TREATMENT 0.72 pn.s. 0.25 pn.s. Figure 61D
DRUG x TREATMENT 0.01 n.s. 0.004 n.s.
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The involvement of PENK in nicotine addiction

Nicotine develops its acute reinforcing properties due to the activation of
nAChRs. However, nAChRs desensitize quickly upon repeated nicotine
administrations. Thus, neurotransmitter systems other from cholinergic
signaling are proposed to participate in the reinforcing properties of
nicotine. Indeed, pharmacological and genetic studies have provided
evidence for a critical role of the glutamatergic and the EQS in nicotine
addiction (Markou, 2008; Trigo et al., 2010; Charbogne et al., 2014)

In the present study, we demonstrated that enkephalins, the most
abundant ligands for MORs and DORs, critically contribute to the
reinforcing properties of nicotine. Furthermore, we showed a significant
increase in dendritic spine density in MSNs of the NAc core and shell after
nicotine self-administration. This neuroplasticity mechanism was
singularly triggered by contingent nicotine administration and was absent
in PENK KO mice. Lastly, we revealed that pathway-specific glutamatergic
transmission from the PLC to the NAc core is necessary to acquire and
maintain nicotine self-administration.

We demonstrated that the genetic deletion of PENK strikingly decreased
the reinforcing properties and the motivation for nicotine. This effect is
probably due to the lack of nicotine-induced DA release in the NAcin PENK
KO mice (Berrendero et al., 2005). In agreement, nicotine-induced CPP
was decreased in MOR, DOR, PENK, and B-endorphin KO mice (Berrendero
et al., 2002b, 2005, 2012; Trigo et al., 2009) that further substantiates the
pivotal role of MOR- and DOR-signaling in nicotine’s reinforcing
properties. However, a small subpopulation of PENK KO mice (<20%)
acquired nicotine self-administration, indicating that the reinforcing

properties of nicotine do not completely depend on opioid signaling,
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displaying the multifactorial nature of nicotine’s reinforcing effects. This
subset of animals reinstated nicotine-seeking behavior similar to WT
littermates, suggesting that the mechanisms underlying in the reinforcing
properties and the motivation for nicotine are different from those
involved in the relapse to nicotine-seeking. In line with our results, cocaine
self-administration, but not cue-induced reinstatement of cocaine-
seeking, was attenuated in PENK KO mice (Gutiérrez-Cuesta et al., 2014).
In contrast, naltrexone attenuated cue-induced reinstatement of nicotine-
seeking (Liu et al., 2009), and the genetic deletion of MORs and DORs
significantly decreased cue-induced reinstatement of cocaine-seeking
(Gutiérrez-Cuesta et al., 2014), thus, we can suggest that B-endorphin
modulates the relapse to cocaine- and nicotine-seeking.

In a second approach, we showed that nicotine self-administration
significantly increases dendritic spine density in MSNs in the NAc core and
shell. More specifically, we observed a significant increase in mushroom
and thin spines, which reflects an increase in dendritic spine head
diameter and de novo formation of spines, respectively (Segal, 2005). In
line with our findings, acute nicotine increased glutamatergic levels in the
NAc (Toth et al., 1993; Reid et al., 2000). Furthermore, the spine head
diameter of dendritic spines in the NAc core and AMPAR/NMDAR currents
were increased in rats withdrawn with extinction training from nicotine
self-administration. This effect further increased upon cue-induced
reinstatement of nicotine-seeking (Gipson et al., 2013). Together, we can
suggest that the dendritic spine density of MSNs in the NAc core and shell
increases during nicotine self-administration and remains stable
throughout extinction, predisposing the NAc in a vulnerable state to
engage quickly upon presentation of nicotine-associated cues. The size

and shape of individual spines correlate with forms of synaptic plasticity
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(Russo et al., 2010). Indeed, the induction of LTP is associated with the
formation of new spines and enlargement of existing spines (Matsuzaki et
al., 2004; Nagerl et al., 2004; Okamoto et al., 2004). Aside from glutamate,
the induction of LTP at cortico-striatal synapses was shown to critically
depend on DA signaling (Calabresi et al., 2007), which could explain the
absence of nicotine-induced neuroplasticity in PENK KO mice. It would be
interesting to know if the genetic deletion of PENK also inhibits nicotine-
induced glutamate release in the NAc. We could further demonstrate that
the mechanisms underlying neuroplasticity in the NAc are singularly
driven by contingent nicotine administration. Indeed, dendritic spine
density remained unchanged in Yoked Nicotine mice. This result indicates
that goal-directed behavior and conditioning are necessary to induce
neuroplasticity in MSNs of the NAc. In agreement, neuroplasticity in the
NAc was also abolished in yoked animals after prolonged self-
administration of highly palatable food (Guegan et al., 2013), and after
prolonged withdrawal from cocaine self-administration (Martin et al.,
2006). In vivo studies assessing contingent and non-contingent reward-
evoked DA and glutamate release in the NAc should give new insights
about the mechanisms underlying neuroplasticity in the NAc.

The increase in dendritic spine density is most likely due to a hyper-
glutamatergic state in the NAc during nicotine self-administration.
Furthermore, negative modulation of pre- and postsynaptic glutamate
transmission in the NAc decreased nicotine self-administration (Liechti et
al., 2007; Tronci & Balfour, 2011). However, the specific brain areas
involved in these processes are as of yet unclear. The NAc receives
glutamatergic input from a plethora of limbic and cortical regions, some
of the most notable being the mPFC, vHPC, and BLA (Sesack & Grace, 2010;

Floresco, 2015). Glutamatergic transmission from the mPFC to the NAc is
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largely associated with executive control and thought to mediate goal-
directed behaviors, including drug-seeking and preoccupation to obtain
drugs of abuse (Kalivas et al., 2005; Koob & Volkow, 2016). Hence, we
hypothesized that the PLC-NAc core pathway contributes to the
reinforcing properties of nicotine. Indeed, inhibition of the PLC-NAc core
pathway decreased nicotine self-administration. Furthermore, the lack of
glutamate transmission originating from the PLC completely prevented
mice to fulfill acquisition criteria. Indeed, nicotine induces glutamate
release via activation of a7 nAChRs that are highly expressed on
glutamatergic nerve terminals in the NAc. Glutamatergic afferents from
the mPFC and DA neurons are thought to project to the same or close by
synapse in the NAc. Thus, cortical glutamate release in the NAc can gate
the release of DA from DA fibers in the NAc directly, independently of
neuronal activity in the VTA. In agreement, prefrontal cortex input to the
NAc readily supports optogenetic self-stimulation (Mateo et al., 2017),
and optogenetic activation or inhibition increased or decreased Pavlovian
conditioning, respectively (Otis et al., 2017). However, optogenetic
activation of glutamatergic fibers in the NAc deriving from the BLA and
vHPC was also shown to be reinforcing (Britt et al., 2012; Stuber et al.,
2012), which may suggest that an increased glutamatergic tone in the NAc
is sufficient to induce reinforcement regardless of the pathway and the
different behavioral roles of the brain areas providing these inputs. Thus,
to ensure that the reinforcing properties of nicotine specifically depend on
glutamatergic transmission from the PLC to the NAc core and not on a
specific amount of glutamate, we investigated whether glutamatergic
signaling of the BLA-NAc core pathway is also involved in the reinforcing
properties of nicotine. We demonstrated that chemogenetic inhibition of

glutamatergic inputs from the BLA to the NAc core was not sufficient to
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modify nicotine self-administration, although optogenetic stimulation of
BLA glutamatergic fibers in the NAc was shown to be reinforcing and
inhibition decreased the reinforcing properties of natural rewards (Stuber
et al., 2011). Thus, our data suggest that the reinforcing properties of
nicotine critically depend on PLC-NAc core activity. However, dendritic
spine density was also significantly increased in the NAc shell, therefore,
we cannot exclude the importance of the ILC-NAc shell and the vHPC-NAc
shell pathway for the reinforcing properties of nicotine. Future studies
may evaluate the impact on the PLC-NAc core pathway on nicotine-
induced neuroplasticity.

Together, we demonstrated that opioid and glutamatergic signaling
critically contributes to the reinforcing properties of nicotine.
Furthermore, we revealed that pathway-specific glutamatergic
transmission from the PLC to the NAc core is necessary to acquire and
maintain nicotine self-administration. Finally, goal-directed behavior and
conditioning are required to trigger long-lasting nicotine-induced
neuroadaptations, including quantitative and morphological changes in

MSN dendritic spines in the NAc core and shell.
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The involvement of the sigma-1 receptor in nicotine

addiction

Every single drug exposure drives the mesocorticolimbic pathway beyond
its physiological limits. Consequently, chronic drug exposure leads to
neuroadaptations in the mesocorticolimbic system (Nestler, 2005). These
changes can remain virtually permanent, leading to a stable state of high
vulnerability to relapse even after protracted abstinence that remains the
major clinical health concern in drug addiction. (Koob & Volkow, 2016). In
fact, around 80% of former smokers relapse within the first month of
abstinence with only 3% of the remaining abstinent at six months
(Benowitz, 2010). Current treatments are ineffective (Covey et al., 1999;
Piper et al., 2009) and accompanied by important side-effects. Thus, the
development of new therapeutic strategies is indispensable. The Sig-1R, a
novel receptor type that is thought to lack its own specific signaling
machinery, was recently shown to be involved in SUD. Sig-1R antagonists
have been demonstrated to decrease the reinforcing properties and the
relapse to cocaine- and alcohol-seeking (Katz et al., 2016; Quadir et al.,
2019). However, its possible implication in the reinforcing properties of
nicotine and the relapse to nicotine-seeking is still unknown. Our study has
evaluated the involvement of Sig-1Rs in the addictive properties of
nicotine using a reliable operant model of cue-induced reinstatement
validated in our laboratory (Martin-Garcia et al., 2009, 2011; Gutiérrez-
Cuesta et al., 2014).

We demonstrated that the cue-induced reinstatement of nicotine-seeking
was blocked by the Sig-1R antagonist BD 1063. We further showed that
nicotine relapse was associated with neurobiological changes in the mPFC

and NAc, including Sig-1Rs, glutamatergic, cholinergic and opioid
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receptors. These neuroadaptations were absent in Sig-1R KO mice and
were partially reversed by BD1063. In a second approach, we
demonstrated, using genetic and pharmacological approaches, that Sig-
1Rs are also involved in the cue-induced reinstatement of palatable food-

seeking.

The reinforcing properties of nicotine are impaired due to the genetic
deletion of the Sigma-1 receptor

Our results indicate that the genetic deletion of the Sig-1R does not affect
the reinforcing properties of nicotine or palatable food. Operant self-
administration is thought to be the gold standard for the evaluation of the
reinforcing properties of drugs of abuse (Collins et al., 1984). Sig-1R KO
mice displayed cognitive deficits, decreased locomotor activity, and
increased anxiety-like behavior. However, we demonstrated by using an
operant model of sensation-seeking, that Sig-1R KO mice were able to
learn an operant task without any impairment of performance.

Although Sig-1R KO mice displayed a stable pattern of nicotine self-
administration, responding for nicotine was not significantly increased
compared to the responding for saline of the control group. In contrast,
active responding for nicotine was, as expected, strikingly increased in WT
mice compared to the saline control group. The high responding is
probably due to the detected impulsivity-like phenotype in Sig-1R KO mice
in operant drug self-administration. Impulsivity is often related to an
impaired reward system which could explain the tendency of increased
nicotine intake in Sig-1 KO mice compared to WTs. The first variable that
measures impulsivity in the nicotine self-administration paradigm showed
increased levels of responding in mutant mice independent of the nicotine

or saline group. In contrast, when we measured impulsivity in food self-
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administration and sensation-seeking no differences were observed
between genotypes. Thus, we cannot conclude that there is a
phenotypical modification related to impulsivity due to the lack of Sig-1R.
Hence, one could hypothesize that rather than a phenotypical
modification in Sig-1R KO mice, the increased response in drug self-
administration paradigm may be related to stress induced by the

indwelling catheter surgery or the attachment to the tubing.

The Sig-1R antagonist BD1063 but not the genetic deletion of Sig-1Rs
decreased the motivation and the cue-induced reinstatement of

nicotine-seeking

The Sig-1R antagonist BD1063 strikingly decreased the motivation for
nicotine and the cue-induced reinstatement of nicotine-seeking. In
contrast, neither the motivation for nicotine nor the reinstatement of
nicotine-seeking was attenuated in Sig-1R KO mice. Similar to our findings,
alcohol drinking was decreased by BD 1063, but increased in Sig-1R KO
mice in a two-bottle choice continuous access paradigm (Blasio et al.,
2015; Valenza et al., 2016). Different outcomes of pharmacological and
genetic approaches may be expected due to their distinct nature. Indeed,
the acute pharmacological blockade at low doses, as used in our
experimental design, only partially disrupts receptor function for a
determined time frame, whereas the constitutive lifelong lack of a
receptor is often accompanied by adaptive modifications of related genes.
This may lead to the absence of an expected phenotype, especially in
multifactorial diseases such as SUD (El-Brolosy & Stainier, 2017). For
example, the lack of ribosomal gene Rp/22 showed no defects in

translation owed to the upregulation of its paralogue, Rpl22I1, the
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expression of which is normally inhibited by RPL22 (Mulligan et al., 1998).
In this context, Sig-2R upregulation may be responsible for the discrepancy
between pharmacological and genetic approaches. Although the
involvement of Sig-2Rs in nicotine addiction has not been shown yet, their
contribution is not fully exclusionary. Another possibility could be that Sig-
2Rs may substitute Sig-1R functions in mutant mice, which could explain
the absence of a resistant phenotype to the reinforcing properties,
motivation for nicotine and the cue-induced reinstatement of nicotine-
seeking behavior in the Sig-1R KO mouse. The modification of related
genes due to the loss of a negative or positive feedback loop may be the
first hypothesis to test when a mutant fails to show a phenotype. The
expression of the Sig-2R in the Sig-1R KO mouse has not been elucidated
yet. However, binding studies with radioligands of the Sig-2R combined
with unlabeled selective Sig-1R ligands, to mask Sig-1R binding, could help
to clarify this question.

Besides the significant decrease of reinstated nicotine-seeking in WT mice
by BD 1063, this antagonist partially decreased nicotine-seeking behavior
in Sig-1R KO mice, which raises questions about the selectivity of BD 1063.
BD 1063 binds with more than 70-fold selectivity to Sig-1Rs versus Sig-2Rs
and is even more selective towards other tested binding sites (Garcés-
Ramirez et al., 2011). However, in the absence of Sig-1Rs, BD 1063 could
potentially interact with other binding sites.

A recent study postulated new binding sites for Sig-1R ligands. The authors
demonstrated that selective Sig-1R antagonists and agonists, were able to
decrease nicotinic agonist-induced nAChRs currents and subsequent
catecholamine release in adrenal chromaffin cells (Brindley et al., 2017),
an effect that was previously postulated to be selectively mediated by Sig-

1Rs (Paul et al., 1993). However, a recent study demonstrated that Sig-1R
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ligands block nAChRs directly in adrenal chromaffin cells, and that this
mechanism could probably be extrapolated to other cell types (Brindley et
al., 2017). The postulated ability of Sig-1R ligands to block nAChRs by a Sig-
1R independent mechanism could explain the partially decreased relapse
to nicotine-seeking in BD 1063 treated Sig-1R KO mice. In contrast, BD
1063 did not decrease the motivation for nicotine in KO mice. The
antagonism of nAChRs in nicotine trained animals is probably not effective
at low doses due to a possible development of nAChR desensitization.
Indeed, mecamylamine, an unselective nAChR antagonist attenuated cue-
induced reinstatement of nicotine-seeking at relatively low doses,
however, nicotine self-administration was only moderately decreased in
nicotine trained animals even with higher doses of mecamylamine (Liu et
al., 2007a). Although our results seem to be in line with this hypothesis,
the cue-induced reinstatement of nicotine-seeking was completely
blocked by BD1063 in WT mice whereas nicotine-seeking was only slightly
decreased in KO mice, concluding that Sig-1R mediated mechanisms are
mostly responsible for the attenuation of nicotine relapse. To further
investigate the involvement of Sig-1R in the reinstatement of nicotine-
seeking, it would be of interest to assess the effect of Sig-1R agonists on
the cue-induced reinstatement of nicotine-seeking, as well as the impact
of Sig-1R ligands on nAChRs in a Sig-1R ‘free’ environment (KOs or
knockdowns) to verify whether Sig-1R ligands block nAChRs directly or

negatively modulate them via Sig-1Rs.
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The Sig-1R is involved in the cue-induced reinstatement of palatable

food-seeking behavior

We demonstrated the specific involvement of Sig-1Rs in the cue-induced
reinstatement of palatable food-seeking behavior. Indeed, the acute Sig-
1R antagonism, as well as the genetic deletion of Sig-1Rs, significantly
decreased food-seeking after the extinction of operant behavior in food
trained animals. BD 1063 did not show any effect in Sig-1R KO mice
concluding that these results are mediated by Sig-1Rs. In agreement with
our findings, other Sig-1R antagonists decreased the reinstatement of
cocaine (Martin-Fardon et al., 2007), alcohol and natural rewards seeking-
behavior (Martin-Fardon et al., 2007, 2012). The motivation for palatable
food was not affected by BD 1063, but was decreased in Sig-1R KO mice.
The decreased motivation for palatable food in Sig-1R KO mice could be
influenced by the learning impairment revealed in Sig-1R KO mice. Indeed,
KO mice displayed a delayed learning curve in operant food self-
administration as shown by a decreased response on the first day of FR1
and FR3 demonstrating that a change of schedule of reinforcement
initially impairs the response in KO mice. Another possibility could be that
the partial blockade of Sig-1Rs was not sufficient to decrease the
motivation for palatable food. Indeed, the low doses of BD 1063 that were
used in our experimental design only partially block Sig-1Rs. However, the
use of higher doses of BD 1063 can lead to concomitants, such as
unspecific receptor binding. In line with this assumption, the breakpoint
for palatable food was slightly increased in KO mice treated with BD 1063,
which is probably related to the increased locomotor activity caused by
BD 1063 in KO but not in WT mice. This result also shows that BD 1063,

which is one of the most selective commercially available Sig-1R
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antagonists, appears to possess some cross-reactivity at least in the Sig-1R

KO mouse.

Sig-1R antagonist BD 1063 inhibits neuroadaptations in the mPFC and

NAc leading to nicotine relapse

The cue-induced reinstatement of nicotine-seeking was associated with
concomitant neuroadaptations in the mPFC and NAc in WT, but not in KO
mice, including Sig-1Rs, glutamatergic, opioid and cholinergic receptors,
as well as intracellular effectors downstream of these receptors. These
observed neuroadaptations were partially reversed by the Sig-1R
antagonist BD 1063 and were mostly absent in Sig-1R KO mice.

Our results suggest an increased activation of the mPFC upon cue-induced
reinstatement of nicotine-seeking. Indeed, we observed an
overexpression of excitatory glutamatergic receptors, including NMDARs
and AMPARs, hypothesizing that this glutamatergic plasticity is due to a
hyperglutamatergic state during nicotine relapse. In agreement, increased
PFC and anterior cingulate gyrus activity was shown in human imaging
studies during cue-induced craving in smokers (Franklin et al., 2007), and
reinstatement of nicotine CPP increased FOS protein expression in the PFC
(Pascual et al., 2009). Although Sig-1Rs have been shown to interact with
NMDARs (Balasuriya et al., 2013; Rodriguez-Mufioz et al., 2015), the
increased protein levels of the NMDAR subunits NR1 and NR2A were not
modified by BD 1063. This result suggests that these neuroadaptations
had been already established due to nicotine self-administration and
remained stable during extinction, predisposing the mPFC to quickly
facilitate glutamatergic signaling upon presentation of nicotine-associated

cues. In agreement, NMDARs were found to be significantly increased
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after nicotine self-administration (Wang et al., 2007). Furthermore, the
increase of the AMPAR subunit GIuR1 was reversed by BD 1063, indicating
that this plasticity may be a rapid process during the reinstatement of
nicotine-seeking. The rapid change of AMPARs but not of NMDARs could
be related to LTP. In line with our suggestion, the adhesion protein n-
cadherin was also upregulated suggesting an increased synaptic strength
in the mPFC. An increase in synaptic strength is often related to a higher
spine head diameter that would facilitate AMPAR receptor insertion.
Increased levels of Sig-1R mMRNA were revealed after the reinstatement of
nicotine-seeking. This increase was blocked by BD 1063 administrations,
suggesting that Sig-1R mRNA increases rapidly upon nicotine relapse. In
agreement, Sig-1R mRNA was not modified in the mPFC after repeated
cocaine treatment (Romieu et al, 2002) and decreased after
methamphetamine self-administration (Stefanski et al., 2004). Thus, the
upregulation of Sig-1R mRNA in the mPFC seems to be specific to the cue-
induced reinstatement of nicotine-seeking.

The overexpression of GIuT mRNA and the predominantly presynaptic
mGIluR2/3 upon reinstatement of nicotine-seeking, which suggests
increased glutamate uptake and decreased glutamate release,
respectively, may appear controversial to the hypothesis of a
hyperglutamatergic state during the cue-induced reinstatement of
nicotine-seeking. Furthermore, systemic administration of mGluR2/3
agonists was shown to decrease reinstatement of nicotine-seeking (Liechti
et al., 2007). However, since both neuroadaptations were singularly
triggered in WT mice that reinstated nicotine-seeking but not in BD 1063
treated animals, we speculate that these neuroadaptations are rapid
compensatory  plasticity mechanisms during the cue-induced

reinstatement of nicotine-seeking to balance excitatory transmission and

233



Discussion

protect cells from excitotoxicity. Compensatory plasticity mechanisms
were also described for GABAergic transmission in the mPFC (Lubbers et
al., 2014). More specifically, the subunits al and y2 of the GABAa receptor
were upregulated after relapse to nicotine-seeking. However, mPFC
microinjections of GABAa receptor antagonists led to increased
reinstatement, whereas mPFC microinjections of GABA receptor agonists
decreased reinstatement (Lubbers et al., 2014). Thus, these results and
ours suggest that increased activation of the mPFC facilitates nicotine-
seeking upon presentation of nicotine-associated cues, and that
compensatory plasticity mechanisms occur in the mPFC to limit drug-
seeking. Protein levels of mGluR2/3 and GluTs could be assessed before
cue-induced reinstatement in order to confirm the hypothesis of rapid
compensatory plasticity mechanisms in the mPFC.

Opioid signaling in the mPFC seems to be involved in the cue-induced
reinstatement of nicotine-seeking. Indeed, we demonstrated that MOR
expression was significantly increased after the cue-induced
reinstatement of nicotine-seeking. Naltrexone, a selective MOR
antagonist, was reported to attenuate cue-induced reinstatement of
nicotine-seeking (Liu et al., 2009), and MOR agonists were shown to inhibit
GABAergic transmission in the orbitofrontal cortex (Qu et al., 2015).
Together with our findings, showing that BD 1063 blocked both
reinstatement of nicotine-seeking and overexpression of MORs, we may
hypothesize that nicotine relapse leads to MOR overexpression in
GABAergic neurons, leading to disinhibition of pyramidal glutamatergic
neurons that fosters the hyperactivation of the mPFC.

To our knowledge, protein levels of the a4 and B2 subunit have not been
analyzed in the mPFC after cue-induced reinstatement of nicotine-

seeking. We demonstrated that the total protein levels of the a4 and the
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B2 subunit were increased, although a4 and 2 subunits were significantly
decreased at the cell membrane. Thus, we can conclude that a4 and 2
subunits are increased in the cytosol. This result indicates two possible
mechanisms of a4B2* nAChRs trafficking in the mPFC. First, a4 and 2
subunits may have been increased at the cell membrane due to nicotine
self-administration, remained stable during extinction, but underwent
endocytosis upon cue-induced reinstatement of nicotine-seeking, leading
to accumulation in the cytosol. Another possibility could be an ‘on-
demand’ expression of both subunits upon reinstatement of nicotine-
seeking, meaning that nicotine relapse provokes a4 and B2 subunit
production but a4Pf2* nAChRs could still not be inserted in the cell
membrane. Indeed, the assembly nAChRs is a relatively slow and
inefficient process that critically dependent upon appropriate subunit
folding and requires trafficking of nAChRs from their site of synthesis in
the ER to the cell surface (Millar & Harkness, 2008). Little is known about
neuroadaptations of nAChRs underlying the enduring vulnerability to
relapse produced by continued nicotine use. However, some studies
targeted a4f2* nAChRs with systemic administrations of full agonists (Lee
et al., 2014), partial agonists (O’Connor et al., 2010) and positive allosteric
modulators (Maurer et al., 2017), all of which decreased nicotine-seeking.
In contrast, a4B2* nAChR antagonists showed no effect (Liu, 2014). These
findings could be in line with the assumption that a4B2* nAChRs are
decreased at the cell membrane due to a possible compromised
cholinergic signaling after nicotine self-administration. Further studies
should be performed using intra-mPFC infusions of cholinergic agents and
cell-type-specific assessments to clarify the specific implication of a4p2*
nAChRs in nicotine relapse in the mPFC. We further revealed that the

expression of both subunits was modified by BD 1063 treatment alone in
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WT, but not in KO mice suggesting a Sig-1R mediated modulation of
nAChRs in the mPFC.

We observed increased levels of pCREB and pERK2 in WT mice upon cue-
induced reinstatement, which supports our findings of increased cellular
activation. Indeed, Ca®* entry upon cellular excitation activates
intracellular kinases, such as PKC and PKA, and these kinases, among
others, activate intracellular effectors that are related to nicotine
addiction.

The increased activity of the NAc, suggested by increased levels of
NMDARs and AMPARs, is probably a downstream product of the observed
hyperactivation of the mPFC. In agreement, extracellular glutamate levels
were significantly increased in the NAc core in rats during cue-induced
reinstatement of nicotine-seeking (Gipson et al., 2013), and priming
induced reinstatement of cocaine (McFarland et al., 2003) and heroin-
seeking (LaLumiere & Kalivas, 2008). Furthermore, inactivation of the
mPFC by GABA agonists inhibited cocaine- and heroin-induced
reinstatement of drug-seeking and glutamate release in the NAc core
(McFarland et al., 2003; LaLumiere & Kalivas, 2008). Indeed, the increased
expression of the NMDAR subunits NR1 and NR2A, and partially the NR2B
subunit, were blunted by BD 1063, which is in line with our findings
suggesting that BD 1063 blocked glutamatergic hyperactivation in the
mPFC during nicotine-seeking. The increase of the predominantly
extrasynaptic NR2B subunit in WT mice may be related to a glutamate
overspill that could arise from increased extracellular glutamate levels
combined with reduced glutamate reuptake. Indeed, GIluT1 mRNA was
significantly decreased in the NAc and significantly increased in the mPFC,
whereas the NR2B subunit was not modified. The upregulation of n-

cadherin is probably related to the observed increase in dendritic spine
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head diameter after the reinstatement of nicotine-seeking (Gipson et al.,
2013) and after nicotine self-administration (Study 1). Interestingly, the
NMADAR subunit NR2B, the AMPAR subunit GluR1, and n-cadherin were
decreased in Sig-1R KO mice. These decreases may indicate loss of
synaptic strength due to a hypoglutamatergic state. In agreement, we did
not observe increased glutamatergic activity in the mPFC activity in
mutant mice. The increased levels of AMPAR subunits GIuR1 and GluR2
were not reversed by BD 1063, suggesting that AMPARs are already
increased during nicotine self-administration or during extinction in the
NAc. Previous studies have revealed that AMPAR expression increased in
the NAc during withdrawal from cocaine (Kauer & Malenka, 2007).

Sig-1R mRNA was also upregulated in the NAc after the cue-induced
reinstatement of nicotine-seeking. However, BD 1063 did not inhibit Sig-
1R mRNA upregulation in the NAc, which is in contrast to the results
obtained in the mPFC. Taking into account that mRNA transcription is a
generally rapid process, our result may suggest that Sig-1R mRNA has
already been increased due to chronic exposure to nicotine. In agreement,
Sig-1R mRNA was previously reported to significantly increase in the NAc
after repeated cocaine treatment (Romieu et al., 2002). These findings
may indicate that Sig-1R expression increases in the NAc upon repeated
exposure to drugs of abuse and that these changes remain stable during
extinction and reinstatement of nicotine-seeking. The NAc is one of the
key areas in the CNS responsible for the reinforcing properties of drugs of
abuse, thereby, associating previously neutral stimuli with drug availability
that induces incentive salience and fosters excessive drug-seeking (Koob
& Volkow, 2016). Thus, Sig-1R upregulation in the NAc may be a
vulnerability factor for excessive drug-seeking and relapse. Accordingly,

Sig-1R protein levels in the NAc are elevated in the alcohol-preferring rat
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line Scr: sP (Colombo et al., 2006). The direct modulation of D1 and D2 DA
receptors by Sig-1Rs (Navarro et al., 2010, 2013) may be a possible
mechanism to foster excessive drug-seeking. In contrast, mPFC activity is
strongly related to relapse, which could explain the possible rapid increase
of Sig-1Rs in the mPFC during the reinstatement of nicotine-seeking.

We observed increased levels of a4 and 2 nAChR subunits in the NAc in
WT, but not in KO mice after the reinstatement of nicotine-seeking. a4
and B2 nAChRs subunits are expressed on both DA terminals and
GABAergic interneurons (Cachope & Cheer, 2014). BD 1063 was able to
block the increase of the 2, but not a4 subunit, which may indicate a
predominant modulation of a6B2* nAChRs that are exclusively expressed
on DA terminal in the NAc (Champtiaux et al., 2003; Threlfell & Cragg,
2011). Indeed, endogenous nAChR activation has been recently
demonstrated to enhance DA release upon cortical, thalamic and direct
activation of CINs (Cachope et al., 2012; Threlfell et al., 2012; Kosillo et al.,
2016). Furthermore, intra-NAc infusions of mecamylamine significantly
decreased DA release induced by optogenetically evoked glutamate
release from the mPFC (Mateo et al., 2017), suggesting that nAChRs
directly modulate DA release.

Lastly, the increased expression of pCREB, pERK2, and AFosB in the NAc
are probably due to the repeated drug insults during nicotine self-
administration. In agreement, increased levels of pCREB, pERK2, and
AFosB were shown after repeated exposure to nicotine (Nestler, 2005).
Together, we showed that the genetic deletion of Sig-1Rs impairs the
reinforcing properties of nicotine. Furthermore, acute administration of
the Sig-1R antagonist BD 1063 decreased the motivation for nicotine and
block the cue-induced reinstatement of nicotine-seeking. However, the

specific involvement of Sig-1Rs on these responses is not fully clarified due
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to discrepancies between the results obtained using genetic and
pharmacological tools. Additional experiments to characterize the Sig-2R
expression in the Sig-1R KO mouse, the use of conditional Sig-1R KO mice,
an evaluation of the effect of Sig-1R agonists on the cue-induced
reinstatement of nicotine-seeking, and binding studies of Sig-1R ligands
towards nAChRs should help to clarify whether Sig-1Rs are involved in the
cue-induced reinstatement of nicotine seeking.

At a molecular level, we demonstrated that the cue-induced
reinstatement of nicotine-seeking is associated with neuroadaptations in
the mPFC and NAg, including Sig-1R, glutamatergic, cholinergic and opioid
signaling. In agreement with our behavioral results, the observed
neuroadaptations were partially reversed by the Sig-1R antagonists BD
1063. It has been proposed that increased corticostriatal activity is a
general mechanism underlying the relapse to drug-seeking behavior
(McFarland et al., 2003; LaLumiere & Kalivas, 2008; Gipson et al., 2013). In
agreement, our molecular results suggest an increased corticostriatal
activity during the reinstatement of nicotine-seeking, which was inhibited
by the administration of BD 1063. Indeed, BD 1063 and other Sig-1R
antagonists have been shown to decrease the relapse to drug-seeking for
a variety of drugs of abuse despite their different molecular mechanisms
(Katz et al., 2016; Quadir et al., 2019). In fact, we also revealed the specific
involvement of Sig-1Rs in the cue-induced reinstatement of palatable
food-seeking at a genetic and pharmacological level. Therefore, the ability
of BD 1063 to inhibit the neuroadaptations in the corticostriatal pathway
during reinstatement of reward-seeking makes the Sig-1R a promising
target to prevent relapse, which still remains the major clinical health

problem in treating SUD.

239






Conclusions






Conclusions

The main conclusions of the work presented in this thesis can be

summarized as follows:

1.

PENK critically mediates the reinforcing properties and the
motivation for nicotine, likely by activating MORs and/or DORs. In
contrast, the mechanisms underlying the cue-induced
reinstatement of nicotine-seeking seems to be independent of
PENK.

Only contingent nicotine self-administration, but not non-
contingent nicotine administration, is associated with a significant
increase in dendritic spine density and spine head diameter of
MSNs in the NAc core and shell, demonstrating that goal-directed
behavior and conditioning are necessary to trigger the
mechanisms that underly structural plasticity.

The absence of PENK reduces nicotine-induced structural
plasticity probably by a DA mediated mechanism.

Compromised glutamatergic input from the PLC but not from the
BLA to the NAc core was sufficient to decrease nicotine self-
administration, demonstrating that glutamatergic transmission to
the NAc core critically contributes to the reinforcing properties of
nicotine in a pathway-specific manner.

The genetic deletion of the Sig-1R produced a phenotype of
decreased locomotor activity, increased anxiety-like behavior and
impaired short-term memory.

The pharmacological acute administration of the Sig-1R
antagonist BD1063 blocked the cue-induced reinstatement of
nicotine-seeking through inhibition of neuroadaptive changes in

the mPFC and NAc, including Sig-1Rs, glutamatergic, cholinergic
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and opioid receptors, as well as intracellular effectors related to
drug addiction.

Sig-1Rs participate in the mechanisms underlying the reinforcing
properties and the motivation for nicotine but not palatable food.
Sig-1Rs modulate the cue-induced reinstatement of palatable
food-seeking. These findings together with other studies indicate
that Sig-1Rs are involved in general mechanisms underlying

relapse to drug-seeking.
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The repeated cycles of cessation of consumption and relapse remain the major clinical concamn in treating drug addiction. The
endogenous cpioid systerm s a crucial component of the reward drcut that particivates n the adaptive changes leading te relapse in the
addiclive processes. We have used genetically modilied mice lo evaluale Lhe involement of p-opioid receplor (MCR) and §-opioid
receplor {DOR] and their main endogenous | gancs, he enkephelin derved rom sroencephalin (PENK) and prodynarphin (POYN), in

the reinstaternent
ittermates were trained to sel-administ
cue-incuced reirstaternent of se

wits signilcanlly decreased in MOR and DOR anockaul
clapse than wild-lype litlerates. C-Fos

rd in these knockout mice. No differences

ACeas

and resw

INTRODUCTION

Addiction is a chronic brain disease characterized by the
compulsive use of drugs in spite of their adverse
consequences, loss of control over drug laking, and relapse
even after long periods of abstinence according to the
‘Diagnostic and Statistical Manual of Mental Disorders (5th
edition; DSM-5; American Psychiatric Association, 2013),
the most widely accepted nomenclature used by clinicians
and researchers for the classification of mental disorders.
The repeated cycles of relapse after cessation of consump-
tion remain the major clinical concern in the treatment of
drug addiction (Miller and Gold, 1994; Weiss, 2010). In our
laboratory, we have recently validated novel models of
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of cocaine-secking behavior. Constitutive kneckout mice of MOR, DOR, PENK, and PRYN, and their wid-type
cocaire o te seek for palatable food, followed oy a pered of extinction and finzlly tested on a
havior. The four lines of knockout mice acquired operart coczine self acriristration behavior,
afthough DOR and PENK knockout mice showed less maotivation for cocane than wilc-type [ittermates, Mareover,
e In conlrast, POYIN knockoul mice showed a slov
Sression anglysis rev
=re found in any of the four genctypes n operart responding to obtain pzlatable
feod, indicating that the changes revealed in knockout mice were not due to unsoecific defict in ooerant peformance, Our resufts
ndicate that MOR, DOR, and PDYN nave a cifferential role in cue-induced re
Neuwropsychophanmacolagy (2014) 39, 2974-2988; doilC.1038/npp.2014.149; published online 23 July 201

-induced relapse
or exbnclion and

ed diferential aclivalion in bran aress related with memary

statement of cocane iz behavior.

reinstatement of drug and food-seeking behavior (Martin-
Garcia et al, 2011; Soria et al, 2008) in mice that allow to
study the neurobiological mechanisms of relapse through
the use of genetically modified mice.

Complex adaptive changes within the brain reward circuits
occurring during the addictive processes are responsible
of drug relapse, Several neurotransmitters, including the
endogenous opioid system are involved in these changes
(Bodnar, 2008; Volkow ef al, 2009). Chronic exposure to the
different prototypical drugs of abuse, including opioids,
alcohol, nicotine, psychostimulants, and cannabinoids has
been reported to produce significant alterations within the
endogenous opioid system, which seem to have an important
role in the development of the addictive process (Trigo et al,
2010). The endogenous opioid system is integrated by
different families of endogenous oploid peptides, and three
different opioid receptors, u (MOR), & (DOR), and & (KOR),
widely distributed in the central nervous system and
peripheral tissues. The activation of these opioid receptors
leads to different intracellular responses that produce an
inhibition of neuronal activity and a reduction of neuro-
transmitter release (Law ef al, 2000).

Three families of endogenous peptides derived from
cither  proopiomelanocortin - (POMC),  proenkephalin
(PENK]}, or prodynorphin (PDYN) generate several final
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active peptides including f-endorphin, met- and leu-
enkephalin, dynorphins, and neo-endorphins, respectively,
that exhibit different affinities for each opiocid receptor
(Kieffer and Gaveriaux-Ruff, 2002). The opioid peptides
derived from PENK represent the main endogenous ligands
that activate MOR and DOR in multiple brain areas,
although endogenous enkephalins also derive from PDYN
(Kieffer and Gaveriaux-Ruff 2002). These receptors have an
important role in regulating mood and reward, and are
key components in the control of drug reinforcing effects
leading to addictive behavior. Multiple studies have
suggested an important role for opioid receptors and their
endogenous ligands in cocaine addiction (Charbogne ef al,
2014). Administration of MOR antagonists attenuates
cocaine-induced conditioned place preference and reduces
cocaine self-administration and reinstatement in rats
(Soderman and Unterwald, 2008 Tang ef af, 2005; Ward
et al, 2003), and cocaine reinforcement was reduced in
MOR knockout mice (Mathon et al, 2005), suggesting the
involvement of MOR in cocaine addiction. DOR antagonists
can increase or decrease cocaine self-administration in rats
depending on the brain arca microinjected (Ward ef al,
2003). The role of endogenous opioid peptides derived from
PENK in cocaine responses is still unknown, although these
peptides participate in the reinforcing effects of other drugs
of abuse (Berrendero et al, 2005; Marinell et af, 2005).
Several opioid peptides have oppaosite roles in the control of
behavioral responses such as dynorphins and Leu-enke-
phalin derived from PDYN (Butelman et af, 2012), and their
specific involvement in cocaine reinforcement remains
unclaryfied.

Both drug and food reward has in common the
involvement of similar neurochemical pathways within the
mesolimbic system (Lutter and Nestler, 2009). Indeed,
the endogenous opioid system also has an important role in
the mechanisms underlying the behavioral responses
directed to obtain food (Kelley, 2004; Shippenberg et al,
2007). In agreement, pharmacological agonism or antago-
nism of MOR and DOR increased or decreased, respectively,
food intake (Bodnar, 2004; Zhang et al, 1998).

The aim of this study is to investigate the participation of
the two main opicid receptors involved in drug reinforcing
effects, MOR and DOR, and enkephalins derived from PENK
and PDYN that represent their main endogenous ligands,
in the reinstatement of cocaine-secking behavior by using
knockout mice deficient in these four components of the
endogenous opioid system and their wild-type littermates.
We have also evaluated the impact of the deletion of the
components of the opioid system on cue-induced reinstate-
ment using c-Fos expression as a marker of neuronal activity
in brain areas involved in addiction. The use of knockout
mice is an essential tool for understanding the role of the
opioid system in drug reinforcement and relapse and
complement the information previously obtained on phar-
macological studies (Lutz and Kiefter, 2013).

MATERIALS AND METHODS
Animals

Homozygous knockout mice deficient in MOR, DOR, PENK
and PDYN on a C57BL/6] background and their respective

Endogenous opioid system and relapse
Cuttigrrer Cuesta et of

wild-type littermates were used (Matthes et al, 1996; Filliol
et al, 2000; Konig et al, 1996; Galeote et al, 2009). Previous
studies have shown that the genetic ablation of a specific
opioid receptor did not result in major changes in ather
opioid receptor sites (Kieffer and Gaveriaux-Ruff, 2002},
Mice were housed individually in controlled laboratory
conditions with the temperature maintained at 21+1°C
and humidity at 55+ 10%. Mice were tested during the first
hours of the dark phase of a reversed light/dark cycle (lights
off al 08:00h and on at 20:00h). Feod and waler were
available ad libitum in mice used in the cocaine experiment.
For operant behavior maintained by food, mice were food
deprived (85% of the initial weight) and water was available
ad libitum. Animal procedures were conducted in strict
accordance with the guidelines of the European Communities
Directive 86/609/EEC regulating animal research and were
approved by the local ethical committes (CEEA-PRBB).

Cocaine Self-Administration Apparatus

Cocaine self-administration training was performed in
operant chambers (Model ENV-307A-CT, Med Associates,
Georgia, VT, USA) equipped with two holes, one randomly
selected as the active hole and the ather as the inactive (see
Supplementary Information).

Surgery

Mice were anaesthetized with a ketamine/xylazine mixture
(20ml/kg of body weight) and then implanted with
indwelling i.v. silastic catheters as previously described
(Soria et al, 2005) (see Supplementary Information). The
success rate for maintaining patency of the catheter (mean
duration of 13 days) until the end of the cocaine self-
administration training was 88%.

Drugs

Cocaine hydrochloride was obtained from Ministerio de
Sanidad y Consumo (Spain} and dissolved in sterile 0.9%
physiological saline. Ketamine hydrochloride (100 mg/kg)
(Imalgéne 1000; Rhone Mérieux, Lyon, France) and xylazine
hydrochloride (20 mg/kg) (Sigma, Madrid, Spain) were
mixed and dissolved in ethanol (5%) and distilled water
(95%). This anesthetic mixture was administered intra-
peritoneally in an injection volume of 20mlrkg of body
weight. Thiopental sodium (5mg/ml) (Braun Medical 5.4,
Barcelona, Spain) was dissolved in distilled water and
delivered by infusion of 0.1 ml through the i.v. catheter.

Food-Maintained Operant Behavior Apparatus

Operant responding maintained by food was performed in
mouse operant chambers (Model ENV-307A-CT, Med
Associates, Georgia, VT, USA) equipped with two retract-
able levers, one randomly selected as the active lever and the
other as the inactive (see Supplementary Information).

Experimental Design

A first group of mice (n=101) was trained for cocaine
self-administration experiments, during 2-h daily sessions
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to acquire operant responding maintained by cocaine
(0.5 mg/kg/infusion, i.v.) under fixed ratio 1 (FR1) (5 conse-
cutive days) and FR3 (7 consecutive days). The criteria for
acquisition of operant responding were achieved when
mice maintained a stable responding with less than 20%
deviation [rom the mean of the total number of infusions
earned in three consecutive sessions, with at least 75%
responding on the reinforced nose-poke, and a minimum of
L0 reinforcements per session (Martin-Garcia ef al, 2011;
Soria ef al, 2008). Alter the 12 FR sessions, animals were
tested in a progressive ratio (PR} schedule where the
response requirement to earn infusions escalated according
to the following series: 1-2-3-5-12-18-27-40-60-90-135-
200-300-450-675-1000. The maximum duration of the PR
session was 4 h or until mice did not respond on any hole
within 1h, and was performed only once. After PR session,
the thiopental test was applied and only mice that showed
patency of catheter were moved to the extinction and
relapse phases. The first extinction session occurred 48h
after the thiopental tests to avoid any possible influence
of thiopental residual effects.

During the extinction phase, the experimental conditions
were similar to the acquisition sessions except that cocaine
was not available and the cue light was not presented after
active responding. Mice were given 2h daily extinction
sessions, during 15 conseculive days unlil the criteria for
extinction was achieved ie, during three consecutive
sessions, mice responded on the active lever less than 30%
of the responses reached in the three last acquisition days,
and made less than 15 aclive responses per session. Afler
extinction, mice were tested for reinstatement. Cues-
induced reinstatement was conducted under the same
conditions used in the acquisition phase except that cocaine
was not delivered. Each response on the active mani-
pulandum in this phase led to the presentation of the
cue light for 2. The reinstatement criterion was achieved
when responding in the nose-poke doubled with respect to
extinction responding.

For food-maintained operant behavior experiments, a
second group of mice (#=63) was trained during 1h for
10 consecutive days to lever press for highly caloric and
banana-flavored food pellets (14% protein, 60% fat, 26%
carbohydrate, with a calaric value of 5.32 kcal/g) (Bio-Serv,
Frenchtown, NJ, USA) paired with the presentation of a
cue light on a FR1 schedule followed by 10 sessions under
FR5, using the same criteria for the acquisition of operant
behavior previously described. After the 20 FR sessions,
animals were trained in one single PR schedule session
where the response requirement to earn pellets escalated
according to the following series: 1-5-12-21-33-51-75-90-
120-155-180-225-260-300-350-410-465-540-630-730-850-
1000-1200-1500-1800-2100-2400-2700-3000-3400-3800-
4200-4600-5000-5500. The maximum duration of the PR
session was 5h or until mice did not respond on any lever
in 1h, This second group of mice was food deprived
during the whole experiment at 85% of their ad libitum
initial weight adjusted for growth.

Immunohistochemistry Studies

See Supplementary Information for tissue preparation,
immunofluorescence and c-Fos quantification.
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Statistical Analysis

Analysis of the data obtained during the acquisition and
extinction phase was conducted using two-way ANOVA
with manipulandum (active/inactive) as within-subjects
factor and genotype as between-subjects factor. Post hoc
analysis (Newman-Keuls) was performed when required.
Progressive ratio, day of extinction, cues-induced reinstate-
ment, and immunohistochemistry results were compared
using one-way ANOVA,

All results are expressed as mean = SEM. Differences were
considered significant at p<0.05. The statistical analysis
was performed using the Statistical Package for Social
Science program SPSS 19.0 (SPSS, Chicago, USA).

RESULTS

Acquisition and Maintenance of Cocaine Self-
Administration

MOR knockout mice (#=11) and wild-type littermates
(n—13) were trained to self-administer cocaine under
FR1 (5 days), and FR3 (7 days) schedule of reinforcement.
Two-way ANOVA revealed significant main effects of
hole during the training period indicating a continuous
operant responding for cocaine and discrimination between
holes. Significant effects of genotype on day 2, 3 and 4, and
a significant interaction between genotype and hole were
revealed on day 3 (Table 1A). Subsequent pos