1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

Eg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Prog Neuropsychopharmacol Biol Psychiatry. 2014 July 3; 52: 86-93. doi:10.1016/j.pnpbp.2013.10.009.

Translational strategies for therapeutic development in nicotine
addiction: Rethinking the conventional bench to bedside
approach

Bernard Le FollaP.c.de” Abhiram Pushparaj?, Yaroslaw Pryslawsky?, Benoit Forgetf, Kiran
Vemuri9hi Alexandros Makriyannis9hi and Jose M. Trigo@

aTranslational Addiction Research Laboratory, Centre for Addiction and Mental Health, 33 Russell
Street, Toronto, ON M5S 2S1, Canada

bAlcohol Research and Treatment Clinic, Addiction Medicine Services, Ambulatory Care and
Structured Treatments, Centre for Addiction and Mental Health, Toronto, ON, Canada

¢Department of Family and Community Medicine, University of Toronto, Toronto, Canada
dDepartment of Pharmacology and Toxicology, University of Toronto, Toronto, Canada

€Department of Psychiatry and Institute of Medical Sciences, University of Toronto, Toronto,
Canada

fIntegrative Neurobiology of Cholinergic Systems, Department of Neuroscience, Pasteur Institute,
25 rue du Dr. Roux, Paris 75724, France

9Center for Drug Discovery, Northeastern University, Boston, MA 02115-5005, United States

hDepartment of Pharmaceutical Sciences, Northeastern University, Boston, MA 02115-5005,
United States

iDepartment of Chemistry and Chemical Biology, Northeastern University, Boston, MA
02115-5005, United States

Abstract

Tobacco produces an impressive burden of disease resulting in premature death in half of users.
Despite effective smoking cessation medications (nicotine replacement therapies, bupropion and
varenicline), there is a very high rate of relapse following quit attempts. The use of efficient
strategies for the development of novel treatments is a necessity. A “bench to bedside strategy' was
initially used to develop cannabinoid CB4 receptor antagonists for the treatment of nicotine
addiction. Unfortunately, after being tested on experimental animals, what seemed to be an
interesting approach for the treatment of nicotine addiction resulted in serious unwanted side
effects when tested in humans. Current research is focusing again on pre-clinical models in an
effort to eliminate unwanted side effects while preserving the initially observed efficacy. A “bed
side to bench strategy' was used to study the role of the insula (part of the frontal cortex) in
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nicotine addiction. This line of research started based on clinical observations that patients
suffering stroke-induced lesions to the insula showed a greater likelihood to report immediate
smoking cessation without craving or relapse. Subsequently, animal models of addiction are used
to explore the role of insula in addiction. Due to the inherent limitations existing in clinical versus
preclinical studies, the possibility of close interaction between both models seems to be critical for
the successful development of novel therapeutic strategies for nicotine dependence.
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1. Introduction

Tobacco, one of the most widely used substances, is responsible for 63% of all deaths
produced by non-communicable diseases and resulting in nearly six million deaths each
year, a figure expected to rise to more than eight million by 2030 (WHO, 2013). The
devastating effects of tobacco are also suffered by people dying as a result of exposure to
second-hand smoke, accounting for more than 600,000 deaths each year. Nicotine is the
main component of tobacco responsible for its addictive properties and extensive research
has been and is currently being conducted to elucidate the neurobiological mechanisms
responsible for its addictive properties. However, improved research strategies are critical in
view of the overwhelming increase in the death toll related to tobacco use predicted. It is
also important to consider that approximately 80% of smokers worldwide are located in low/
middle income countries (WHO, 2013), which makes the development of low cost
treatments a necessity. Current first line medications for nicotine dependence include
nicotine replacement therapies (patch, gum/lozenge, inhaler or spray), partial agonists of
a4p2 subtype of the nicotinic acetylcholine receptor (varenicline), or dopamine and
noradrenaline reuptake inhibitors such as bupropion (Fiore et al., 2000; Lancaster et al.,
2008; Le Foll and George, 2007). Nicotine replacement therapies were the first
pharmacological treatments approved by the Food and Drug Administration (FDA) for use
in smoking cessation therapy, followed by bupropion and varenicline. Even if the
effectiveness of nicotine replacement therapies, bupropion and varenicline appear to be high
(Blum et al., 2008), doubling or tripling the smoking cessation rates in controlled studies (Le
Foll and George, 2007), the real impact of these therapies has been questioned due to high
rates of relapse in the long term (Alpert et al., 2013). There may be multiple reasons
explaining those discrepancies such as the fact that clinical trial inclusion criteria do not
always allow for generalization of results to the overall population of smokers. Thus,
according to a meta-analysis recently published almost 66% of participants with nicotine
dependence were excluded of clinical trials due at least one criterion (Le Strat et al., 2011).
Two of the main factors for excluding participants are the lack of motivation to quit and low
levels of cigarette consumption. Another reason explaining discrepancies might be the fact
that intervention procedures in clinical trials do not always correspond to the way
medications are used in real life. Thus, clinical trials do not always account for important
factors implicated on the relapse process as the behavioral counseling or abstinence time
period or do not comprehend periods of time long enough to evaluate the influence of those
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factors (Alpert et al., 2013). There is therefore an urgent need to develop novel and more
effective treatment approaches. As progress in neurobiology continues at a fast pace, it has
been suggested that translational research using a “bench to bedside' strategy may be useful
to accelerate the development of novel therapeutic strategies. Here, we will illustrate how
such an approach can be used either from “bench to bedside' or, conversely, from “bedside to
bench', depending upon the particular situation. The first illustration is based on the idea of
using cannabinoid CB1 receptor antagonists/inverse agonists to treat nicotine addiction. This
example, which was first generated from animal observations and moved quickly into
clinical testing, will illustrate how subsequently research can quickly return the pre-clinical
phase in order to refine a therapeutic strategy. The second illustration provided is a clear
example of reverse translational work involving the insula in drug addiction.

2. From bench to bedside and back: the role of CB; receptors in nicotine

addiction

2.1. Targeting the CB4 receptor

The involvement of the endocannabinoid system in drug addiction has been widely
investigated following the pioneering work of De Vries et al. (2001). In particular, there has
been great interest in targeting the endocannabinoid system for the treatment of obesity and
nicotine dependence (Le Foll et al., 2008; Pacher et al., 2006). The endocannabinoid system
consists of the endocannabinoids (primarily anandamide and 2-arachidonoylglycerol), the
target receptors of those endocannabinoids (cannabinoid CB1, CB, and possibly other
receptors), enzymatic degradation systems (through the enzymes fatty acid amide hydrolase
and monoacylglycerol lipase for anandamide and 2-arachidonoylglycerol, respectively) and
a transport reuptake system (Di Marzo, 2006; Di Marzo et al., 1998, 2001; Mechoulam et
al., 1998; Piomelli, 2003, 2005; Piomelli et al., 2000; Sugiura and Waku, 2002). The
cannabinoid CB; receptor, however, has received most of the attention as a target, mainly on
the initial promise of Rimonabant (Acomplia® Sanofi-aventis), the first selective CB4
ligand introduced to market. This CB inverse agonist was shown to be efficacious as a
treatment for obesity (Despres et al., 2009; Hampp et al., 2008) and for improving
dyslipidemias, diabetes, and the metabolic syndrome (Despres et al., 2005; Scheen, 2008;
Van Gaal et al., 2005). Rimonabant was in fact previously approved as an obesity treatment
in more than 50 countries worldwide, including the European Union, and was also being
developed for smoking cessation.

The rise of Rimonabant's potential as a therapeutic for smoking cessation began at the
preclinical level. Cohen et al. (2002) were the first to demonstrate that Rimonabant
pretreatment can attenuate nicotine-taking behavior under a fixed-ratio schedule and that it
blocks nicotine-induced elevation of dopamine in the nucleus accumbens shell and bed
nucleus of the stria terminalis (Cohen et al., 2002). We were also able to demonstrate that
Rimonabant pretreatment maintains its efficacy under a progressive ratio schedule as well
(Forget et al., 2009), indicating that Rimonabant decreases motivation for nicotine. By using
animal models of nicotine reinstatement, which utilize either presentations of nicotine-
associated cues, nicotine-priming injections or stress to induce nicotine-seeking behavior
following the extinction of such behavior, we and others have demonstrated that
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Rimonabant also effectively decreases the reinstatement of nicotine-seeking behavior (Fig.
1) (Cohen et al., 2005a; Diergaarde et al., 2008; Forget et al., 2009). Rimonabant also seems
to decrease preference for nicotine as observed using other paradigms to measure the
rewarding properties of a drug such as the conditioned place preference paradigm (Forget et
al., 2005; Le Foll and Goldberg, 2004). A large body of consistent preclinical studies has
shown that blockade of the endocannabinoid system by Rimonabant is effective in
decreasing motivation and/or relapse to drug-seeking for nicotine (Cohen et al., 2002; Cohen
et al., 2005b; De Vries et al., 2005; Forget et al., 2009; Shoaib, 2008) as well as a variety of
other drugs of abuse such as A%-tetrahydrocannabinol (Justinova et al., 2008; Tanda et al.,
2000), opiates (De Vries et al., 2003; Solinas et al., 2003), psychostimulant drugs
(Anggadiredja et al., 2004; De Vries et al., 2001; Tanda et al., 2000; Xi et al., 2008), and
alcohol (Arnone et al., 1997; Colombo et al., 1998, 2007; Gallate and McGregor, 1999;
Gallate et al., 1999, 2004; Houchi et al., 2005; Hungund et al., 2003; Naassila et al., 2004;
Poncelet et al., 2003; Rinaldi-Carmona et al., 2004; Rodriguez de Fonseca et al., 1999) (see
De Vries and Schoffelmeer, 2005; Fattore et al., 2007; Le Foll and Goldberg, 2005; Le Foll
et al., 2008 for reviews).

2.2. Clinical research on CB7 antagonists

With the initial promise gathered from the animal work, clinical trials investigating the
efficacy of Rimonabant as a smoking cessation aid followed suit with promising results.
Clinical studies using Rimonabant revealed statistically significant evidence of efficacy for
the treatment of smokers by increasing the chances of quitting (abstinence rates, self-
reported smoking abstinence and expired carbon monoxide concentrations verified in some
of the studies by cotinine levels) (Cahill and Ussher, 2011; Le Foll et al., 2008; Rigotti et al.
2009). However, tempering this promise was a growing concern about the psychiatric safety
profile of CB4 receptor inverse agonists (Christensen et al., 2007; Food and Drug
Administration Endocrinologic and Metabolic Advisory, June 13, 2007; Rucker et al.,
2007), notably due to increased rates of depression, anxiety and suicidal behavior related to
Rimonabant use. In October of 2008, these psychiatric concerns led to a decision by the
European Medicines Agency to suspend marketing of Rimonabant in the EU. Following this
decision, the drug-maker Sanofi-Aventis announced on November 5th 2008 its decision to
withdraw Rimonabant from the market worldwide and to discontinue its ongoing
Rimonabant clinical development program for all indications (Sanofi Aventis, 2008).
Around the same time, several other CB receptor inverse agonists not yet approved for
marketing were withdrawn from clinical development by their developers (Merck, Pfizer,
Solvay/Bristol-Myers Squibb) (see our commentary (Le Foll et al., 2009)).

2.3. From clinical research back to pre-clinical

Although the forward progress of Rimonabant had been halted, the potential and partial
success of Rimonabant in the treatment of obesity and smoking cessation motivated the
refinement and development of an alternative strategy aimed at modulating endocannabinoid
transmission. The novel approach would have to be able to retain the therapeutic efficacy of
CB; inverse agonists for obesity and drug addiction, without the anxiogenic and depressive
side effects in order to surpass the therapeutic potential of its predecessor. This refinement
has led to the development of the novel neutral CB1 antagonist, AM4113 (Chambers et al.,
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2007; Cluny et al., 2011a; Sink et al., 2008, 2009a, 2009b) which exhibits 100-fold
selectivity for CB4 vs CB,, with K; = 0.89 nM and K; = 92 nM for CB; vs CBy, respectively
(Sink et al., 2008). Preliminary preclinical studies show evidence that AM4113 retains the
therapeutic efficacy of the CB inverse agonists AM251 and Rimonabant (Hodge et al.,
2008; McLaughlin et al., 2003), as AM4113 suppresses responses for food (Sink et al.,
2008) and food intake (Chambers et al., 2007), attenuates body weight gain (Cluny et al.,
2011a), and alters the behavioral satiety sequence (Hodge et al., 2008).

A key determinant of neutral CB; antagonists' success however will be based on whether it
is devoid of the side effects of CB4 inverse agonists. In humans, CB; inverse agonists
increased nausea (Despres et al., 2005) and were shown to potentiate conditioned gaping in
rats (McLaughlin et al., 2005) (model is thought to reflect nausea in rats, a species that
cannot vomit). Unlike the inverse agonists, neutral CB4 receptor antagonists neither
enhanced the nauseating effects of lithium chloride, nor produced anhedonia in a taste
reactivity test (Limebeer et al., 2010) nor induced conditioned gaping in rats (Sink et al.,
2008). Furthermore, CB; inverse agonists have been shown to induce behavioral signs of
anxiety (Arevalo et al., 2001; Haller et al., 2004; McGregor et al., 1996; Navarro et al.,
1997; Rodgers et al., 2005), and a depression-like state in animals (Beyer et al., 2010).
Evidence so far has shown AM4113 to have no effect in the elevated plus maze (Sink et al.,
2010) or the forced swim test (Jutkiewicz et al., 2010), suggesting a lack of anxiety or
depression-like effects.

Research related to the effects of neutral CB1 antagonists effect on nicotine — taking and
seeking — in animal models is of the next highest priority, in addition to further validating its
more favorable side effect profile in comparison to CB; inverse agonists. A key emphasis in
these future preclinical studies should focus on its chronic effects prior to translation into
clinical studies, as this better emulates the human drug treatment experience. Chronic effects
(21-days) of Rimonabant induced a depressive phenotype (Beyer et al., 2010) in animals,
and whether neutral CB1 antagonists have a similar effect should be investigated.
Furthermore, its efficacy on nicotine-taking during chronic treatment needs to be also
studied as there is evidence that, as with Rimonabant, chronic AM4113 treatment results in a
transient food intake reduction (Cluny et al., 2011b). The question that needs to be answered
is whether this transient effect is limited only to food intake, or whether it is a general result
seen with chronic neutral CBq antagonist treatment. These questions need to be resolved
prior to translation into clinical studies. However, if the neutral CB1 antagonists can indeed
replicate the efficacy of Rimonabant without the side effects (i.e. anxiety and depression)
associated with CB1 inverse agonists, it may become a promising therapeutic strategy for
smoking cessation.

3. From bedside to bench and back: the role of the insula in addiction

3.1. Clinical research on the role of the insula in nicotine addiction

Although many of the neurobiological underpinnings of nicotine addiction have been
identified through painstaking methodical studies in animal models and human imaging,
occasionally, therapeutic targets can be identified by unconventional means. One such target
is the insular cortex which, until quite recently, has been relatively overlooked in addiction
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literature. The seminal work of Naqvi et al. (2007), published in Science, was the first to
propose that the insula may in fact play a critical role in nicotine addiction (Naqvi et al.,
2007). This study took the unique approach of examining a phenomenon observed by
neurologists in which stroke patients occasionally reported immediate smoking cessation
without undertaking any active initiative to quit. The authors collected a sample of stroke
patients who were smokers at the time of brain injury and assessed whether they
demonstrated a stroke-induced disruption of smoking, exemplified by four criteria: “quitting
smoking easily, immediately, without relapse, and without persistence of the urge to smoke'.
It was identified that individuals with stroke-induced lesions to either the right or left insula
had a significantly greater likelihood of having disruption of smoking as compared to
individuals with stroke-induced lesions to non-insula areas. Though several limitations of
these findings have been noted (Vorel et al., 2007), along with a study which failed to
replicate them (Bienkowski et al., 2010), a recent prospective study demonstrated that
stroke-induced insular lesions were a strongly associated factor in being a non-smoker at a
1-year post-stroke follow-up (Suner-Soler et al., 2012).

The insula has already been implicated in behaviors such as conscious urges, representation
of interoceptive states, anxiety, pain, cognition and mood (Craig, 2002; Damasio et al.,
2000; Goldman-Rakic, 1998; Hardy, 1985; Paulus and Stein, 2006; Suhara et al., 1992). The
findings of Nagvi et al. (2007) described above were the first to suggest a crucial role for the
insula in nicotine addiction yet the area was already known to have some involvement in
addiction, particularly with regard to drug urges in human imaging studies (Nagvi and
Bechara, 2009, 2010). However such studies, due to their broad observational nature, did not
specifically focus on the insular cortex. Nagvi and Bechara, following their initial
publication described above, conducted a review of such functional imaging studies in
which the insula was observed to be activated during drug urges (Naqvi and Bechara, 2009).
These studies involved cue-induced drug craving for cigarettes (Brody et al., 2002, 2007;
Franklin et al., 2007; Lee et al., 2005; McBride et al., 2006; McClernon et al., 2005),
cocaine (Bonson et al., 2002; Garavan et al., 2000; Kilts et al., 2004; Wang et al., 1999;
Wexler et al., 2001), alcohol (Myrick et al., 2004; Tapert et al., 2004), heroin (Sell et al.,
1999) and abstinence-induced craving for cigarettes (Wang et al., 2007). A more recent
meta-analysis of fMRI studies on smoking cue reactivity concluded that smoking cues, as
compared to neutral cues, reliably evoke larger fMRI responses in the insula (Engelmann et
al., 2012). As such, more recent studies have continued to observe insular activation in a
variety of addiction-relevant tasks. Left insular activation has also been correlated with
cigarette craving during a smoking-related attentional bias task (Luijten et al., 2011) while
right insula hyperactivity is observed in smokers during inhibition of an immediately-
rewarding stimulus, in order to obtain a larger, delayed reward (Luijten et al., 2013). In other
study, the smoking dependence (assessed with the Fagerstrém questionnaire) correlated with
the magnitude of BOLD change in the right insula (Artiges et al., 2009). With regard to
clinical implications for relapse, a correlation was found between smoking cue-induced
insular activation and lapse during an 8-week smoking cessation in a clinical trial utilizing
nicotine replacement therapy (Janes et al., 2010). These individuals also had decreased
functional connectivity between the insula and inhibitory control regions such as the dorsal
anterior cingulate cortex and the dorsal lateral prefrontal cortex. Similar results have been
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obtained in treatment-engaged, methamphetamine-dependent individuals where greater right
insular activation during a simple decision making task performed during early recovery was
correlated with increased likelihood of relapse at a 1 year follow-up (Paulus et al., 2005).
Apart from cue-induced craving, left insular activation has been correlated with stress-
induced cocaine craving and subjective distress (Sinha et al., 2005). It should be noted, in
the same study, that right insular activation was inversely correlated with subjective distress
suggesting differential roles between hemispheres. Interestingly, cocaine-dependent women
appear to have greater stress-induced activation of the insula as compared to cocaine-
dependent males (Potenza et al., 2012). In terms of clinical implications for relapse, stress-
induced left posterior insular activation in treatment-engaged, abstinent cocaine-dependent
individuals has been correlated with greater number of days of cocaine use reported at a 90-
day follow-up (Sinha and Li, 2007).

3.2. Preclinical research on the role of the insula in addiction

The insula seems to be centrally placed to receive and integrate the information about the
salience and relative value of environmental stimuli and of drug effects coming from brain
structures that have been implicated in reward and addiction. Thus, neurons in the insula
project their efferences to reward-related structures in rats, such as the ventral tegmental
area (VTA), the medial prefrontal and cingulated cortex, and the nucleus accumbens and the
amygdala (Gerfen and Clavier, 1979; Saper, 1982). It is possible that insula inactivation may
modulate the function of dopamine neurons, therefore interfering with addiction processes.
Since the insula also expresses high level of nicotinic receptors (NAChRs) containing the p2
subunit (Rubboli et al., 1994), the major subtype of nAChR implicated in nicotine reward
(Grabus et al., 2006; Maskos et al., 2005), it is possible that activation of insula occurs
during exposure to nicotine. The insula also receives a high density of terminals coming
from dopaminergic neurons that arise mainly from the ventral tegmental area and substanstia
nigra (Ohara et al., 2003) and contains large pyramidal neurons in layer 5 that have GABAb
receptors (Margeta-Mitrovic et al., 1999). There are close appositions between dopamine
fibers and GABAergic interneurons within the insula. Also GABADb receptor-bearing
neurons project principally into the amygdala and nucleus accumbens (Ohara et al., 2003).

Following the seminal work of Naqvi et al. (2007), described above, several groups started
using animal models of addiction to better understand the involvement of the insula in the
neurobiology of addiction. Di Pietro et al. (2008) examined the role of the dopamine D1
receptor in the dorsal agranular insular subregion of the prefrontal cortex on cocaine self-
administration behavior (Di Pietro et al., 2008). The D1 receptor antagonist, SCH23390,
delivered intracranially directly to this area of the insula, was able to significantly decrease
lever responding and cocaine intake. However, it should be noted that this behavior also
resulted in significant decreases in operant food-maintained responding and overall intake,
thus suggesting a non-drug specific mechanism. In another study, the conditioned preference
of an amphetamine-associated environment stimulated neuronal activity in the insula while
the inactivation of the granular region of the insula blocked the expression of amphetamine-
induced conditioned place preference (CPP) (Contreras et al., 2007). A follow-up study also
demonstrated a loss of amphetamine-induced CPP following a local injection of the protein
synthesis inhibitor anisomycin into either the granular or agranular insula shortly after
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memory retrieval (Contreras et al., 2012). This loss, after anisomycin was injected into the
agranular insula, was coupled with a decrease in zif-268 in both insular regions, but not the
primary somatosensory cortex. The study also demonstrated that inactivating the granular
insular cortex could facilitate the extinction of amphetamine-induced CPP. The hypocretin/
orexin system has also been shown to play a role in nicotine addiction; specifically blockade
of hypocretin-1 receptors in the granular insula decreases nicotine self-administration in rats
(Hollander et al., 2008). The same study also demonstrated that hypocretin-containing fibers
innervate the insula and that hypocretin-1 receptors are located on insular neurons. A study
in mice demonstrated a role for the insula in nicotine-induced CPP but interestingly not in
nicotine withdrawal-induced conditioned place aversion (CPA) (Scott and Hiroi, 2011).

The large amount of imaging data suggesting a role for the insula in drug craving, triggered
by the seminal study of Nagqvi et al. (2007), also stimulated interest in our laboratory to
perform reverse translational work examining the role of the insula on nicotine addiction.
The limitations of the findings of Naqvi et al. (2007) were primarily due to the nature of
such retrospective studies. An animal model of nicotine addiction could allow for a direct
validation of the implication of the insula in nicotine addiction. Hence, our first study
examined the role of the insula using the intravenous self-administration paradigm in rats, as
it is considered one of the best paradigms to model human addiction on experimental
animals. This study involved local intracranial infusions of GABA agonists (baclofen and
muscimol), in order to inactivate temporarily the granular insular cortex bilaterally for the
period of the behavioral testing sessions (Forget et al., 2010). Essentially, this strategy
allowed for a functional replication of the insular lesions observed by Naqgvi et al. (2007).
Utilizing this strategy, we were able to demonstrate that insular inactivation is capable of
significantly reducing nicotine taking behavior, motivation for nicotine and nicotine-seeking
behaviors reinstated by nicotine-associated cues or nicotine priming injections (Fig. 2)
(Forget et al., 2010). In contrast, insula cortex inactivation did not affect lever pressing for
food, motivation to get food, or food seeking behaviors, indicating that those results were
selective for nicotine-seeking (Forget et al., 2010). Expanding on those results, we examined
the ability of deep brain stimulation (DBS) to modulate electrical activity within the insula
and thereby affect nicotine addiction. DBS is a technique that is widely used in Parkinson's
disease (Bronstein et al., 2011) and a few groups have reported positive effects of DBS of
the nucleus accumbens for smoking cessation (Kuhn et al., 2009; Mantione et al., 2010).
Numerous psychiatric applications for DBS are being examined, particularly through the use
of animal models (Hamani and Temel, 2012). Using high-frequency stimulation parameters,
DBS of the bilateral insular region was able to reduce nicotine taking, motivation for
nicotine and nicotine-seeking reinstated by nicotine-associated cues or nicotine priming
injections (Pushparaj et al., 2013). Here again, there was no non-specific effects on
responding maintained by food (Pushparaj et al., 2013). Not only were these parameters of
insular DBS able to replicate the behavioral results of our previous insular inactivation
study, but in vitro electrophysiology demonstrated that these parameters were capable of
inactivating insular neurons. Taken together, these findings suggest that modulating the
function of the insula could be a novel therapeutic strategy for treatment of nicotine
dependence and our results directly confirm that the insula is a critical neural substrate in
nicotine addiction.
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The use of pre-clinical models to study the implication of the insula in nicotine dependence
continues. Thus, Abdolahi et al. (2010) have shown enhanced protein kinase A-regulated
signaling of dopamine-and cAMP-regulated phosphoprotein of 32 kDa in the insula, but not
the medial prefrontal cortex, following the incubation of cue-induced nicotine-seeking
behavior (Abdolahi et al., 2010) and it has been recently shown that chronic nicotine,
administered through osmotic mini-pumps, also induced dendritic remodeling in the
agranular insula (Ehlinger et al., 2012). However, it seems that the use of animal models has
only just begun to scratch the surface with regard to establishing a place for the insula within
addiction and its underlying neurobiology and neurocircuitry.

3.3. Back to clinical research strategy

More recently, human imaging work has also begun to focus on the insula and began to
examine potential neural circuits through which it mediates its involvement in nicotine
addiction. Reduced resting state functional connectivity of the insula, dorsal anterior
cingulate cortex and striatum is correlated with increasing nicotine addiction severity, as
indicated by higher Fagerstrom Test of Nicotine Dependence scores (Moran et al., 2012). In
this regard, structural imaging has indicated that smokers have an increased left insular
cortex gray matter density compared to non-smokers and that this increased density is
correlated with a higher score on the Toronto Alexithymia Scale (TAS-20) (Zhang et al.,
2011a). Smokers with higher alexithymia, a personality trait characterized by the inability to
identify and describe one's emotional experiences, appear to have reduced resting-state
functional connectivity between the right anterior insula and the ventromedial prefrontal
cortex (Sutherland et al., 2013b). In turn, this decreased connectivity in alexithymic
individuals is correlated with craving for cigarettes during withdrawal. Overnight nicotine
withdrawal results in increased resting state functional connectivity of the amygdala-insula
circuit and the insula-default mode network (posterior cingulate cortex, medial prefrontal
cortex, parahippocampus) circuit (Sutherland et al., 2013a). These elevations are blunted by
both transdermal nicotine and varenicline, suggesting that insula-related circuits are, in a
likelihood, involved in the subjective symptoms of nicotine withdrawal. Interestingly, the
resting state functional connectivity between the dorsal medial prefrontal cortex and the left
insula was negatively correlated with smoking-cue induced activity in these regions,
suggesting a possible mutual inhibition of cue reactivity (Zhang et al., 2011b).

The goal ultimately will be to target the insula as a potential therapeutic intervention for
addiction. One approach to modulating electrical activity within brain regions, that is less
invasive than DBS, is repetitive transcranial magnetic stimulation (rTMS). rTMS has been
shown to be able to create lasting changes in brain activity and is already being explored for
drug addiction (Barr et al., 2011; Bellamoli et al., 2013). The development of the H-coil for
targeting deep brain regions using rTMS (Levkovitz et al., 2007; Roth et al., 2002, 2007) is
already being studied for its application in psychiatric disease (Harel et al., 2011, 2012;
Levkovitz et al., 2009; Rosenberg et al., 2011). The H-coil has the potential to target the
insula and future work will likely examine its ability to modulate insular activity as a
therapeutic for smoking cessation. Regardless, it is undeniable that the insula is a crucial
brain region involved in nicotine addiction and its potential as a target is clear. Both
preclinical animal and human imaging studies will continue to explore the neurobiology
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underlying its involvement and begin to establish its place within the neurocircuitry of
nicotine addiction.

4. Conclusions

As in other fields of research, when studying drug addiction, an integrated approach
combining interdisciplinary areas of research seems to offer the best results. As part of this
attempt to use an integrated approach, current limitations present on recent clinical trials
should be overtaken by using more flexible criteria regarding nicotine consumption while
giving more specific weight to other factors showing nicotine dependence. Future
approaches might benefit also from accounting for relevant factors on the relapse process as
the existence of counseling or by evaluating participants for larger time's periods in order to
have a whole picture of the process. On the other hand, inherent limitations of preclinical
studies should be also considered when comparing or integrating with clinical research even
when using the best available paradigms (i.e. intravenous self-administration, dependence
models). It is clear that animal models have some limitations. Animal models allow studying
different specific aspects (such as rewarding effects, or nicotine-seeking induced by
different stimuli) on the addiction process and their underlying neurobiological substrates,
however, in a human subject all those factors are combined and not present in isolation.
Human subjects also often present dual pathology (such as concomitant medical or
psychiatric conditions) and a particular history with their abused substance or are exposed to
other psychotropic drugs (caffeine, illicit drugs, psychoactive medications...). All those
factors are obviously very difficult to incorporate on experimental settings for animal
models of addiction. Therefore, it is of critical importance to perform research in human
subjects to validate the findings that are generated by animal models.

Future interactions between pre-clinical and clinical approaches are warranted in the search
for novel therapeutic approaches for nicotine dependence (see (Lerman et al., 2007) for an
excellent review on this topic). Specific strategies to achieve this might include developing
translational centers where bench to bedside or bedside to bench and back research
strategies might be easily implemented. Translational centers on a determinate area of
research should group both the infrastructure and the different professionals necessary to
perform both types of research on a very specific topic what might foster the process.

As illustrated by this article, improving the process for developing effective therapies will
require constant communication between scientists and clinicians allowing for the
continuous re-evaluation of ideas and concepts to achieve beneficial therapies with minimal
side-effects.
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Fig. 1.

(a) Effect of Rimonabant (1 mg/kg, IP, H-60 min) on responses made on the active (top) and the inactive (below) levers during
the cue-induced reinstatement of nicotine seeking tests (duration: 60min) after extinction. Data are expressed as means (+SEM)
of the number of lever presses during baseline conditions (BL, no nicotine-associated cues), during sessions with vehicle
pretreatment and the presence of nicotine-associated cues (0) and during sessions with Rimonabant pretreatment and the
presence of nicotine-associated cues. N = 14. **p < 0.01 vs. baseline; ##p< 0.01 vs. vehicle pretreatment (0); Student—-Newman—
Keuls multiple comparison test after significant ANOVA for repeated measures. (b) Effect of Rimonabant (1 mg/kg, IP,
H-70min) on responses made on the active (top) and the inactive (below) levers during nicotine (0.15 mg/kg, SC, H-10 min)-
induced reinstatement of nicotine seeking tests (duration: 60 min) after extinction. Data are expressed as means (£SEM) of the
number of active lever presses during baseline conditions (BL, no nicotine priming), during sessions with vehicle pretreatment
and with nicotine priming (0) and during sessions with Rimonabant pretreatment and with nicotine priming. N=13. ***p<0.001
vs. baseline; ##p<0.001 vs. vehicle pretreatment (0); Student—-Newman—Keuls multiple comparison test after significant
ANOVA for repeated measures (Forget et al., 2009).
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(b) Nicotine-cue
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Effect of insula inactivation on (a) nicotine- (.15 mg/kg SC, 10 min before the session) or (b) cue-induced reinstatement of
nicotine seeking tests after extinction (n = 8 and n = 6, respectively). Data are expressed as means (+SEM) of the number of
lever presses during baseline conditions (BL) and during sessions with infusion of vehicle (Veh insula) or the Bac/Mus mix in
the insula (insula inact.) 5-10min before nicotine priming. *p<.05; **p<.01; ***p< .001 versus baseline; #p<.05; ##p< .01
versus vehicle infusion (Veh insula); Student—Newman—Keuls multiple comparison test after significant analysis of variance for
repeated measures.
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