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ABSTRACT

Understanding brain structures and circuits impacted by alcohol use disorder is critical for
improving our future prevention techniques and treatment options. A brain region that has
recently gained traction for its involvement in substance use disorder is the insular cortex. This
brain region_is_multi-functional and spatially complex, resulting in a relative lack of
understanding 0fthe involvement of the insular cortex in alcohol use disorder. Here we discuss
the role of the.nsular cortex in alcohol use disorder, particularly during periods of abstinence
and in response to alcohol and alcohol-related cues and contexts. We also discuss a broader
role of the insularin alcohol-associated risky decision making and impulse control. Finally, we
canvas potential challenges associated with targeting the insular cortex to treat individuals with

alcohol use disorder.
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INTRODUCTION

The insular‘eortex (insula or ‘the island of Reil’) is a complex brain structure that forms part
of the cerebral cortex (Reil 1809). It has distinct anterior-posterior and dorsal-ventral divisions
and is known as a cortical integration hub, with connectivity to extensive cortical and
subcortical (brain jregions (reviewed in (Gogolla 2017)). Of note, the insular cortex has
numerous_connections with the amygdaloid complex and the thalamus (Reep ef al. 1996).
Strong intra-insular networks also exist (Reep ef al. 1996). The widespread connectivity and
spatial orfganisation of the insular cortex contributes to the relative lack of understanding of
this brain structure. Traditionally, the insular had a known role as a visceral-somatic structure,
responsible forvarious sensory and motor responses (Penfield & Boldrey 1937; Rasmussen &
Penfield 1947). However, the known functions of the insular cortex have expanded in recent
years. The insular is activated by olfactory stimuli, cognitive tasks, perceptions, and emotions
(Kurth et a/{2010). One well-known function of the insular cortex is in interoception, activated

by cues and internal drives to modulate motivated behaviour (Craig 2009).

The involvement of the insular cortex in motivated behaviour suggests that it integrates with
key reward circuitry. Indeed, the insular has connections with the ventral striatum, particularly
the nucleus/accumbens core, and the ventral tegmental area/substantia nigra (Allen et al. 1991;
Wright & Groemewegen 1996; Ohara et al. 2003). Importantly, dopamine, gamma-
aminobutyric acid (GABA) and glutamate appear to be key neurotransmitters involved in the
function of the insular cortex (Betka ef al. 2019; Ohara et al. 2003). One class of disorders

where motivated behaviours are augmented include substance use disorders. Corticostriatal
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circuits have long been associated with substance use disorders, however these studies have
traditionally focussed on prefrontal and orbitofrontal cortex connections with the striatal
complex (Camchong et al. 2013; Marchant et al. 2015). Evidence for a role of the insular cortex

in substance use disorders has begun to emerge within the last two decades.

A seminal finding by Naqvi and colleagues demonstrated that smokers with damage to the
insular cortex;had‘a reduction in addictive-like smoking behaviours when compared to smokers
who sustained"damage to other brain regions (Naqvi ef al. 2007). Several other studies have
implicated atolesfor the insular cortex in cocaine, methamphetamine and cannabis use (Nestor
etal. 2010; Stewatt ef al. 2014; Luo et al. 2013). Additionally, insular cortex lesions reportedly
reduce the distorted cognitive processing typically observed in gamblers (Clark ez al. 2014). It
is important.to note that the involvement of the insular in drug abuse is not clear-cut and
whether signalling within the insular cortex is enhanced or diminished during drug use,
abstinence and'rélapse is inconsistent across studies. Moreover, studies examining a role for

the insular ¢ortex in alcohol use disorder are somewhat sparse.

Recent attentionon the role of the insular in substance use disorders has allowed for a more
detailed understanding of how this brain region is implicated in these disorders. However,
several questions have arisen from this research: Is the role of the insular cortex in substance
use purely intetfoceptive? Is the insular cortex merely a node in “addiction circuitry”? Or is
there something more? In this mini review, we will outline the role of the anterior insular cortex
in alcohol use disorder and in animal models relevant to alcohol use disorder. We will also
discuss recent findings indicating that the insular cortex may have a broader role in alcohol use

disorder, focussing on aversion-resistance, risky decision-making and compulsivity.
The role ofthe anterior insular cortex in alcohol use disorder

Alcohol use disorder is typically associated with reductions in insular cortex volume, however
these studies have predominantly measured insular volume during abstinence. For example,
individuals with heavy alcohol use and alcohol use disorder exhibit reduced insular cortex grey
matter volime and thickness compared to light-drinking or healthy controls (Demirakca et al.
2011; Durazzo ef'al. 2011; Durazzo et al. 2014; Makris et al. 2008; Momenan et al. 2012;
Senatorov et al. 2015; Heikkinen et al. 2017; Yang et al. 2016; Mechtcheriakov et al. 2007).
Alcohol use disorder has also been associated with reduced cerebral blood flow in the insular

and frank neurodegeneration of the insular cortex (Sullivan et al. 2013; Obernier et al. 2002).
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Reduced anterior insular volume apparently correlates with higher levels of compulsivity and

impulsivity in alcohol dependent individuals (Grodin et al. 2017).

An emerging role for the insular cortex in alcohol abstinence-associated negative affective
states has recently become apparent (Flook et al. 2020), consistent with a known role in
emotion regulation (for reviews see Craig 2009; Lamm & Singer 2010). In abstinent alcohol
use disorder participants experiencing anticipatory anxiety, early life stress was correlated with
reduced instlaractivity (Yang et al. 2015). Additionally, reduced insular activity is observed
in abstinentraleohol use disorder inpatient participants under stressful conditions (Seo et al.
2013). Together these findings suggest that insular activity is downregulated during abstinence
and abstinence-associated negative affective states in individuals with alcohol use disorder.
From a mechanistic perspective, compulsive alcohol use reduces insular glutamate-glutamine
concentrations suggesting that perhaps an excitatory insular pathway may be driving this
behaviour (Betka'er al. 2019). Additionally, Laukkanen et al. (Laukkanen et al. 2019) showed
increased [{H]quisqualic acid binding (a group I mGlu receptor agonist) in post-mortem
anterior insular cortex brain tissue of individuals with alcohol use disorder compared to control
brains. This suggests that glutamatergic activity within the insular may play a role in alcohol

use disorder and this may vary during different phases of alcohol use disorder.

Some researeh*has shown increased insular cortex activity in a non-abstinent population of
alcohol use disorder participants. For example, increased functional connectivity between the
insular cortex and the medial orbitofrontal cortex is observed in currently drinking, non-
treatment-seeking individuals with alcohol use disorder compared to social drinkers (Halcomb
et al. 2019). Whilst this result is contrary to other research in the field, these individuals were
not in abstinenee.during testing. The association of the insular with alcohol use disorder is also
evident during.early life and adolescence. For example, left insular white matter volume has
been linked withwbinge drinking frequency in adolescents via motivation for drinking related
to a desired state (Chung & Clark 2014). Additionally, a family history of alcohol use disorder
results in male offspring having reduced insular cortex volume compared to males with no
family history of alcohol use disorder (Sharma & Hill 2017), although the long-term

consequences of'this effect remain to be determined.

The insular cortex is also implicated as a biomarker for pharmacotherapeutic interventions
targeting alcohol use disorder. Baclofen, a GABAg agonist, is approved for the treatment of

alcohol use disorder in France (Soyka & Muller 2017; Campbell e al. 2018). Holla et al. (2018)
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showed that alcohol use disorder inpatients treated with baclofen had reduced insular cortex
activity that was associated with prolonged time to first alcohol drink. However, controls in
this experiment did not receive medication and thus did not account for a placebo-effect.
Further research using a randomized double-blind, placebo controlled longitudinal study
design is required before concrete conclusions can be drawn. Together these results suggest a
reduction in‘anterior insular cortex volume in individuals with alcohol use disorder when tested

during a drinking task or binge drinking in adolescence.

The role of ‘thewinsular cortex in alcohol use disorder is by no means straightforward,
particularly if we distinguish research that has examined abstinence from alcohol, alcohol
consumption _and alcohol-associated cue reactivity. In non-treatment seeking individuals with
alcohol use disorder, activation of the insular cortex is observed following exposure to alcohol
and an alcohol=related cue compared to a beverage-control cue (Myrick ef al. 2004). Increased
blood oxygenrlevel dependent (BOLD) insular activity is observed in response to alcoholic
tastes and t0 alcohol-associated cues in individuals who escalated their drinking behaviours
over a one year period (Filbey et al. 2008; Dager et al. 2014). Hyperactivation of the insular is
also observed following exposure to repeated alcohol images in heavy drinkers versus light
drinkers (Dager et al. 2013). One study has also shown increased BOLD insular activity in
alcohol dependent, women in response to alcohol-related cues (Tapert ef al. 2004). In regard to
circuits, ifncreased connectivity following alcohol-associated cue presentation is observed
between the right posterior insular and the bilateral anterior cingulate cortex in alcohol
dependent patients compared to healthy controls (Bach et al. 2020). Importantly, the
connectivity/between these two brain regions is reduced in individuals treated with the opioid
antagonist naltrexone — a potential biomarker for treatment response (Bach ef al. 2020). Given
the broader role of the insular in interoceptive processing, particularly in response to alcohol-
associated cues, activity in this brain region is not surprising. However, the divergent activity
of the insular during abstinence and in response to alcohol-related cues highlights the
heterogeneity and complexity of the involvement of the insular cortex in alcohol use disorder.
One possible explanation for this may be due to the compartmentalized nature of the insular
cortex, however spatial differentiation in the roles of the insular in alcohol use disorder is yet

to be determined.

The role of the anterior insular cortex in animal models of alcohol use disorder
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Similar findings to alcohol use disorder are also evident in animal models. In regard to
abstinence, aberrant or reduced, connectivity of the insular cortex is observed in post-
dependent rats compared to naive controls (Scuppa et al. 2020). Additionally, the insular cortex
of conscious rats is activated following acute (six days) Pavlovian conditioning of alcohol-
associated'euesiin an awake fMRI paradigm (Tsurugizawa et al. 2012). Some studies have also
shown a functional role for the insular cortex in modulating the interoceptive effects of alcohol
(Jaramillo et al. 2016; Jaramillo et al. 2018b). Moreover, functional inactivation of the caudal
granular insular cortex with GABA, and GABAg agonists reduced alcohol self-administration
compared togvehicle control rats (Pushparaj & Le Foll 2015). In contrast, Gg-DREADD
mediated activation of the anterior insular cortex reduces both alcohol and sucrose
consumption, with Gi-DREADD inactivation having no effect on consumption in a two-bottle
choice paradigm (Haaranen et al. 2020), but increasing alcohol self-administration under
operant conditions(Jaramillo e al. 2018a). These differential results could be due to the spatial
specificity of insular cortex targeting, designer ligand dose (3mg/kg versus 10mg/kg), or
specific behaviour examined. From a circuit perspective, chemogenetic inactivation of the
insular cortexsto” nucleus accumbens core pathway reduces alcohol self-administration
(Jaramillo etal..2018a). However, alcohol was available during these tests, making it difficult
to tease ‘out the role of the insular in processing gustatory, cognitive or interoceptive
information of:the alcohol-associated cues or contexts. Animal studies also demonstrate a role
for the insular in abstinence-associated negative affective states. For example, chemogenetic
activation of the caudal insular cortex to dorsal bed nucleus of the stria terminalis pathway
increases latency to feed in a novelty suppressed feeding task after prolonged abstinence

following chronic alcohol use in mice (Centanni et al. 2019).

Animal studies have also provided insight into the specific receptor subtypes within the insular
that may be driving excessive alcohol consumption. Orexin-1 receptors within the anterior
insular cortex, receptors known to be critically involved in alcohol seeking (Lawrence et al.
2006), do not appear to play a role in driving excessive alcohol consumption in mice (Lei et al.
2016). As stated.above, there is a strong projection between the insular cortex and the striatum.
Indeed, recent imaging studies have shown alcohol-dependent rats have altered insular cortex
activity and connectivity which can be partially restored by systemic dopamine D3 receptor
antagonism (Scuppa et al. 2020). Alcohol also disrupts p-opioid receptor mediated long-term
synaptic depression at anterior insular cortex-dorsolateral striatum synapses (Munoz et al.

2018). Similar to what is observed in humans, chronic, moderate (~3g/kg for 12 months)
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alcohol self-administration in male rhesus monkeys results in increased glutamatergic activity
in the insular and this may result in compensatory upregulation of presynaptic serotonin (5-HT
1a) receptors (Alexander et al. 2012). Additionally, 24h withdrawal from 10 days of chronic,
intermittent alcohol exposure does not alter presynaptic glutamate release from anterior insular
inputs to the"basolateral amygdala but does increase AMPA receptor-mediated postsynaptic
function — the latter of which may relate to withdrawal-induced anxiety (McGinnis ef al. 2020).
Finally, bath-applied ethanol on insular brain slices inhibited evoked, post-synaptic NMDAR-
mediated currents but had no effect on spontancous GABA,-mediated transmission
(Shillinglaw et al. 2018). Whilst research into the insular cortex and alcohol use disorder is still
premature, these studies do suggest that perhaps the involvement of the insular in alcohol use
disorder may /be) glutamate-mediated and involve corticostriatal and corticoamygdaloid

circuits.

Combining "thevhuman and animal data suggest reduced insular volume and activity in
individuals (with alcohol use disorder when tested during abstinence but increased insular
activity in response to alcohol-associated cues (see Figure 1). A logical next step would be to
use repetitive transcranial magnetic stimulation (rTMS) in the insular cortex of individuals with
alcohol use disorder. Such an experiment has been recently published where rTMS of the
insular cortex did,not alter alcohol craving or consumption (Perini ez al. 2020). This suggests
that perhaps.it.is.not the insular alone driving alcohol craving, but instead the insular is a node
of a more complex network. Alternatively, the involvement of the insular may depend on the
context and/er.timing of alcohol use, for example the involvement when alcohol use is
associated with ainegative consequence or when individuals are examined during periods of

withdrawal omabstinence.
The insular, risky.decision making and impulse control

A hallmark feature of substance use disorder is continued use despite negative consequences
(Koob & Volkow 2010). Individuals with substance use disorder often choose instant
gratification of their substance of choice despite known long-term negative consequences. This
may be a reéflection of impaired cognitive functioning in these individuals, including impaired
decision-making processes and diminished control over behaviour. Indeed, individuals with
substance use disorder generally adopt risky decision-making behaviours (Verdejo-Garcia et
al. 2018). Whilst risky decision making can be adaptive in the short term, these behaviours

typically result in adverse consequences to the individual.
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Interestingly, there is increasing evidence for a role of the insular cortex in risky decision
making and response inhibition in alcohol use disorder. For example, in a population of heavy
drinkers, activation of the anterior insular was associated with aversion-paired alcohol cues
(Grodin et al. 2018) (see Figure 1). Interestingly, heavy drinkers showed greater functional
connectivity "between the right anterior insular cortex and the right nucleus accumbens
compared to light drinkers, especially during the threat of an aversive electric shock.
Additionally, male adolescents who are more vulnerable to risk insensitivity are more likely to
have greatet later lifetime alcohol use which is correlated with insular activity (Elder et al.
2019). Howevergnot all research is consistent, with reduced insular activity being associated
with hazardous drinking during a risk-taking task in heavy drinkers (Claus & Hutchison 2012).
Regardless, it appears as though the insular cortex is involved in risk-taking behaviours, at least

in heavy drinkers.

A similar trendis observed in rats where activation of the anterior insular cortex is associated
with an incteased propensity to relapse despite negative consequences in a subset of inbred
alcohol preferring iP rats (Campbell ez al. 2019). Functional inactivation of the anterior insular
cortex prevented alcohol seeking despite the potential for adversity. Increased insular activity,
as assessed by Fos-protein, is also associated with aversion-resistant alcohol consumption in
mice (Chen & lsasek 2020). This activity is further enhanced by the removal of perineuronal
nets, thefextracellular matrix enclosing fast-spiking inhibitory interneurons, in the insular
(Chen & Lasek 2020). From a circuit perspective, insular glutamatergic inputs to the nucleus
accumbens core.are essential for aversion-resistant alcohol consumption in rats (Seif et al.
2013). Together this suggests a growing theme of insular corticostriatal circuit involvement in
alcohol abusednsboth human and animal studies, particularly in risky alcohol use, and this may

be mediated by glutamate (Grodin et al. 2018; Seif et al. 2013; Jaramillo et al. 2018a).

The insular issalso involved in alcohol-induced response inhibition. Increased insular activity
is observed 1n heavy drinkers compared to light drinkers during a go/no-go task with alcohol
stimuli (Ames et al. 2014). Additionally, young adults (male and female) aged 21-24 show
diminishedsfesponse inhibition following alcohol use and this is associated with reduced
connectivity between the anterior insular cortex and brain regions associated with executive
function including the dorsal anterior cingulate cortex and lateral prefrontal cortex (Sherman
etal. 2019). Here, the insular is involved in reduced response inhibition, suggesting that alcohol

cues might result in attentional bias in heavy drinkers. Individuals with a family history of
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alcohol use disorder show increased insular activation during successful inhibitions in an
impulse control task (DeVito et al. 2013). Weaker functional connectivity between the putamen
and anterior insular cortex is observed during response inhibition in individuals with alcohol
use disorder (Courtney et al. 2013). In addition, Galandra et al. (2018) showed reduced insular
cortex gréymatter in individuals with alcohol use disorder compared to healthy controls which
was associated with attentional deficits and reduced working memory. Reduced anterior insular
volume apparently correlates with higher levels of compulsivity and impulsivity in alcohol
dependent individuals (Grodin et al. 2017). In rodents, impulsivity is negatively correlated with
insular thicknessy(Belin-Rauscent et al. 2016), suggesting that this measure may also represent
a susceptibility factor for alcohol abuse. Therefore, to parse out whether discrete patterns of
insular activation)during specific behavioural repertoires are a compensatory response to
alcohol-induced pathology, or pre-existing and causal (and further impacted by alcohol use)
requires longitudinal studies that can differentiate these possibilities. Nevertheless, these data
do support a role for the insular cortex in alcohol-induced cognitive changes. Specifically, the
insular appears to have a key role in risky decision making and impulse control with respect

alcohol use.

Insular-targeted interventions may be useful in individuals with high risk-taking behaviour and
associated alcohel use disorder. Similar to Perini et al. (2020), Spagnolo et al. (2019) recently
demonstrated that deep rTMS of the insular cortex using a novel H-coil did not alter risk-taking
behaviour in healthy subjects. Success with this form of intervention may require improved
technology to.properly target such a deep cortical structure, or at least different subdivisions of
the insular. Alternatively, whilst the insular cortex does have a role in alcohol use disorder, it
is likely that thissbrain region is a node within a broader circuitry and solely targeting the insular
with interventions may not promote abstinence and/or prevent relapse. It also may be that the
timing of intervention is critical given the role of the insular in risky decision-making and

continued use despite adverse consequences.
CONCLUSION

As outlinedwabove, progress into the role of the insular cortex in alcohol use disorder is still
ongoing and the research is somewhat conflicting. This may be partly due to the complex
spatial organisation and functional heterogeneity of this brain structure. Indeed, human alcohol
use disorder studies have shown that activity in the insular cortex is predominately reduced

when individuals are tested during abstinence. However, insular cortex activity appears to be
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increased during alcohol consumption or in response to alcohol-associated cues and contexts
(see Figure 1). Unfortunately, without techniques that can specifically target different
subregions of the insular cortex in humans, the conclusions remain elusive. The animal data
are rather consistent with human research and tools that enable us to examine different
subregionsTofthe'insular cortex have shed light on the possibility of a more complicated role
of the insular cortex in alcohol use disorder. For example, functionally inhibiting the caudal
portion of the insular cortex results in reduced alcohol consumption whereas functionally
inhibiting the anterior insular cortex has no effect on consumption (Pushparaj & Le Foll 2015;
Haaranen et a/. 2020). These studies highlight the need for tools with greater spatial specificity,
particularly “when' considering targeting the insular cortex in human alcohol use disorder.
Finally, the dast few years have seen an expansion in the understanding of the involvement of
the insular cortex in alcohol use disorder and substance use disorder more generally. Indeed,
the research highlights that the involvement of the insular cortex in alcohol use disorder is not
solely due to_the perception of sensations from internal organs. Convincing data suggest that
the insular also has a role in risky decision making and impulse control in individuals with
alcohol usegsdisorder. The involvement of the insular in these behaviours is critical to
understand ‘as these are features that have a substantial impact upon treatment outcomes.
However, exactly how the insular impacts these behaviours in the context of reward-related

circuitries is yetto be defined.

One aspect that does appear to be consistent across both the human and animal literature is the
involvement of insular-striatal pathways in risky alcohol use. Whilst the idea of corticostriatal
pathway invelvement in substance use disorder is not novel, studies have typically focussed on
the prefrontaleortex and orbitofrontal cortex (McFarland et al. 2003; Schoenbaum et al. 2006).
Indeed, prefrontal and orbitofrontal cortex projections to the striatum are involved in goal-
directed actions and aversion resistance (Barker et al. 2015; Hu et al. 2019). As mentioned
above, the insular cortex to accumbens pathway has been implicated in alcohol use despite an
adverse consequence in both humans and animal models (Grodin ef al. 2018; Seif et al. 2013).
Given the importance of risky decision making and impulse control in substance use disorders,
insular-striatal pathways should not be ignored when considering treatment options for
individuals with alcohol use disorder. Perhaps a more refined circuit-specific approach using
current techniques could be used for intervention, as broader targeting of the insular cortex
with rTMS does not appear to alter alcohol-associated craving or risk-taking behaviour (Creed

et al. 2015; Gibson et al. 2018; Perini et al. 2020; Spagnolo et al. 2019). Whilst the literature

This article is protected by copyright. All rights reserved



to date has honed in on the insular-striatal pathway, it is possible that divergent insular output
pathways may have opposing effects on alcohol addiction-relevant behaviours and future

research should explore this idea further.

In summary, thegnsular cortex has known widespread connectivity and complex spatial
organisationfeatures that make examining this brain structure, particularly in humans,
challenging.»As_a field, we need to improve our mechanistic understanding of the insular
cortex, particularly during periods of abstinence or alcohol consumption and its involvement
in promoting orpreventing alcohol use despite negative consequences. Currently, this is only
possible using appropriate animal models to specifically delve into the structural organisation
of the insular_and examine functional circuits with respect to alcohol use disorder.
Technological’ and methodological advances aimed at improving the spatial and circuit
specificity of‘our clinical interventions will considerably advance our understanding of this

intricate brainregion.

--Human subjects=-

Involves human subjects:

If yes: Informed consent & ethics approval achieved:

=> if yes, pleasesensure that the info "Informed consent was achieved for all subjects, and the

experiments were approved by the local ethics committee." is included in the Methods.

ARRIVE guidelinesshave been followed:

Yes

=> if it is a Review'or Editorial, skip complete sentence => if No, include a statement in the "Conflict
of interestidisclosure"” section: "ARRIVE guidelines were not followed for the following reason:

(edit phrasing to form a complete sentence as necessary).

=> if Yes, insertin the "Conflict of interest disclosure" section:

"All experimeénts were conducted in compliance with the ARRIVE guidelines." unless it is a Review or

Editorial

ACKNOWLEDGEMENTS

This article is protected by copyright. All rights reserved



The figure was re-drawn by Laura Hausmann in BioRender (https://biorender.com/) on the

basis of a draft provided by the authors.

FUNDING'AND DISCLOSURE

Andrew J. [lawreneess the Editor in Chief of the Journal of Neurochemistry. Erin J. Campbell

has no conflict of interest.

This work was supported by a National Health and Medical Research Council Project Grant
(1159032). AJE"is a NHMRC Principal Fellow (1116930). EJC received a Jack Brockhoff
Early Career Researcher Grant (Grant number 4496-2018) and a NARSAD Young Investigator
Grant from.the Brain & Behavior Research Foundation (Grant number 28007). We

acknowledge the Victorian State Government Operational Infrastructure Scheme.

REFERENCES

Alexander, G. M., Graef, J. D., Hammarback, J. A. et al. (2012) Disruptions in serotonergic
regulation of cortical glutamate release in primate insular cortex in response to
chronic ethanol and nursery rearing. Neuroscience 207, 167-181.

Allen, G. V., Saper, C. B., Hurley, K. M. and Cechetto, D. F. (1991) Organization of visceral
and limbic connections in the insular cortex of the rat. J Comp Neurol 311, 1-16.

Ames, S. L., Woeng, S. W., Bechara, A., Cappelli, C., Dust, M., Grenard, J. L. and Stacy, A.
W. (2074) Neural correlates of a Go/NoGo task with alcohol stimuli in light and
heavyryoung drinkers. Behav Brain Res 274, 382-389.

Bach, P., Weil, G., Pompili, E., Hoffmann, S., Vollstadt-Klein, S., Kirsch, P., Kiefer, F. and
Sommery,W. H. (2020) Attenuation of alcohol-cue modulated insula connectivity by
naltrexone predicts relapse in alcohol-dependent patients: A longitudinal clinical

neuroimaging trial. Euro Neuropsychopharm 40, S23.

This article is protected by copyright. All rights reserved


https://biorender.com/

Barker, J. M., Corbit, L. H., Robinson, D. L., Gremel, C. M., Gonzales, R. A. and Chandler,
L. J. (2015) Corticostriatal circuitry and habitual ethanol seeking. Alcohol 49, 817-
824.

Belin-Rauscent, A., Daniel, M-L., Puaud, M., Jupp, B., Sawiak, S., Howett, D., McKenzie,
CyCaprioli, D., Besson, M., Robbins, T. W., Everitt, B. J., Dalley, J. W. and Belin,
D. (2016) Erom impulses to maladaptive actions: The insula is a neurobiological gate
for the development of compulsive behavior. Mol Psych 21, 491-499.

Betka, S., Harris, L., Rae, C., Palfi, B., Pfeifer, G., Sequeira, H., Duka, T. and Critchley, H.
(2019) Signatures of alcohol use in the structure and neurochemistry of insular cortex:
a correlational study. Psychopharmacology (Berl) 236, 2579-2591.

Camchong, 4., Stenger, A. and Fein, G. (2013) Resting-state synchrony in long-term abstinent
alcoholics. Alcohol Clin Exp Res 37, 75-85.

Campbell, E. J., Flanagan, J. P. M., Walker, L. C., Hill, M., Marchant, N. J. and Lawrence,
A.J. (2019) Anterior Insular Cortex is Critical for the Propensity to Relapse
Following Punishment-Imposed Abstinence of Alcohol Seeking. J Neurosci 39, 1077-
10874

Campbell, EyJ:, Lawrence, A. J. and Perry, C. J. (2018) New steps for treating alcohol use
disorder. Psychopharmacology (Berl) 235, 1759-1773.

Centanni, S. WagMorris, B. D., Luchsinger, J. R., Bedse, G., Fetterly, T. L., Patel, S. and
Winder, D. G. (2019) Endocannabinoid control of the insular-bed nucleus of the stria
terminalis circuit regulates negative affective behavior associated with alcohol
abstinence. Neuropsychopharmacol 44, 526-537.

Chen, H. and Lasek, A. W. (2020) Perineuronal nets in the insula regulate aversion-resistant
alcohol drinking. Addict Biol 25, e12821.

Chung, T. and Clark, D. B. (2014) Insula white matter volume linked to binge drinking
freqliency- through enhancement motives in treated adolescents. Alcohol Clin Exp Res
38, 1932-1940.

Clark, L., Studery'B., Bruss, J., Tranel, D. and Bechara, A. (2014) Damage to insula abolishes
cognitive distortions during simulated gambling. Proc Natl Acad Sci U S A 111, 6098-
6103.

Claus, E. D. and Hutchison, K. E. (2012) Neural mechanisms of risk taking and relationships
with hazardous drinking. Alcohol Clin Exp Res 36, 932-940.

This article is protected by copyright. All rights reserved



Courtney, K. E., Ghahremani, D. G. and Ray, L. A. (2013) Fronto-striatal functional
connectivity during response inhibition in alcohol dependence. Addict Biol 18, 593-
604.

Craig, A. D. (2009) How do you feel--now? The anterior insula and human awareness. Nat
Rev: Newrosci 10, 59-70.

Creed, M., Pascoli, V. J. and Luscher, C. (2015) Addiction therapy. Refining deep brain
stimulation to emulate optogenetic treatment of synaptic pathology. Science 347, 659-
664,

Dager, A. D.;Anderson, B. M., Rosen, R. et al. (2014) Functional magnetic resonance
imaging (fMRI) response to alcohol pictures predicts subsequent transition to heavy
drinking in college students. Addiction 109, 585-595.

Dager, A. D., Anderson, B. M., Stevens, M. C. et al. (2013) Influence of alcohol use and
family history of alcoholism on neural response to alcohol cues in college drinkers.
Alcohol Clin Exp Res 37 Suppl 1, E161-171.

Demirakca, T., Ende, G., Kammerer, N., Welzel-Marquez, H., Hermann, D., Heinz, A. and
ManngKe(2011) Effects of alcoholism and continued abstinence on brain volumes in
both'genders. Alcohol Clin Exp Res 35, 1678-1685.

DeVito, E. E.,; Meda, S. A., Jiantonio, R., Potenza, M. N., Krystal, J. H. and Pearlson, G. D.
(2013)Neural correlates of impulsivity in healthy males and females with family
histories of alcoholism. Neuropsychopharmacology 38, 1854-1863.

Durazzo, T.,C., Mon, A., Pennington, D., Abe, C., Gazdzinski, S. and Meyerhoff, D. J.
(2014) Interactive effects of chronic cigarette smoking and age on brain volumes in
controls and alcohol-dependent individuals in early abstinence. Addict Biol 19, 132-
143.

Durazzo, T.'C., Tosun, D., Buckley, S., Gazdzinski, S., Mon, A., Fryer, S. L. and Meyerhoff,
D.J. (2011) Cortical thickness, surface area, and volume of the brain reward system
in aleohol dependence: relationships to relapse and extended abstinence. Alcohol Clin
ExpRes3S, 1187-1200.

Elder, J., Brieant, A., Lauharatanahirun, N., King-Casas, B. and Kim-Spoon, J. (2019) Insular
Risk Progessing Predicts Alcohol Use Via Externalizing Pathway in Male
Adolescents. J Stud Alcohol Drugs 80, 602-613.

Filbey, F. M., Claus, E., Audette, A. R., Niculescu, M., Banich, M. T., Tanabe, J., Du, Y. P.
and Hutchison, K. E. (2008) Exposure to the taste of alcohol elicits activation of the

mesocorticolimbic neurocircuitry. Neuropsychopharmacology 33, 1391-1401.

This article is protected by copyright. All rights reserved



Flook, E. A., Luchsinger, J. R., Silveri, M. M., Winder, D. G., Benningfield, M. M. and
Blackford, J. U. (2020) Anxiety during abstinence from alcohol: A systematic review
of rodent and human evidence for the anterior insula's role in the abstinence network.
Addict Biol €12861.

Galandra"C.;Basso, G., Manera, M., Crespi, C., Giorgi, 1., Vittadini, G., Poggi, P. and
Cangssa, N. (2018) Salience network structural integrity predicts executive
impairment in alcohol use disorders. Sci Rep 8, 14481.

Gibson, G. D., Prasad, A. A., Jean-Richard-Dit-Bressel, P. et al. (2018) Distinct Accumbens
ShelLOutput Pathways Promote versus Prevent Relapse to Alcohol Seeking. Neuron
98, 512-520 e516.

Gogolla, N.A2017) The insular cortex. Curr Biol 27, R580-R586.

Grodin, E. N., Cortes, C. R., Spagnolo, P. A. and Momenan, R. (2017) Structural deficits in
salience network regions are associated with increased impulsivity and compulsivity
in alcohol dependence. Drug Alcohol Depend 179, 100-108.

Grodin, E. N,, Sussman, L., Sundby, K., Brennan, G. M., Diazgranados, N., Heilig, M. and
Momenang'R. (2018) Neural Correlates of Compulsive Alcohol Seeking in Heavy
Drinkers. Biol Psychiatry Cogn Neurosci Neuroimaging 3, 1022-1031.

Haaranen, M., Scuppa, G., Tambalo, S., Jarvi, V., Bertozzi, S. M., Armirotti, A., Sommer, W.
H., Bifone, A. and Hyytia, P. (2020) Anterior insula stimulation suppresses appetitive
behavior while inducing forebrain activation in alcohol-preferring rats. Trans!
Psychiatry 10, 150.

Halcomb, M. E., Chumin, E. J., Goni, J., Dzemidzic, M. and Yoder, K. K. (2019) Aberrations
of anterior insular cortex functional connectivity in nontreatment-seeking alcoholics.
Psychiatry Res Neuroimaging 284, 21-28.

Heikkinen, N., Niskanen, E., Kononen, M., Tolmunen, T., Kekkonen, V., Kivimaki, P.,
Tanila, H., Laukkanen, E. and Vanninen, R. (2017) Alcohol consumption during
adoleseence is associated with reduced grey matter volumes. Addiction 112, 604-613.

Holla, B., Karthik, S., Biswal, J., Viswanath, B., Jayarajan, D., Bharath, R. D.,
Venkatasubramanian, G. and Benegal, V. (2018) Brain Functional Magnetic
Resonanee Imaging Cue-reactivity Can Predict Baclofen Response in Alcohol Use
Disorders. Clin Psychopharmacol Neurosci 16, 290-301.

Hu, Y., Salmeron, B. J., Krasnova, I. N., Gu, H., Lu, H., Bonci, A., Cadet, J. L., Stein, E. A.

and Yang, Y. (2019) Compulsive drug use is associated with imbalance of

This article is protected by copyright. All rights reserved



orbitofrontal- and prelimbic-striatal circuits in punishment-resistant individuals. Proc
Natl Acad Sci U S A 116, 9066-9071.

Jaramillo, A. A., Randall, P. A., Frisbee, S. and Besheer, J. (2016) Modulation of sensitivity
to alcohol by cortical and thalamic brain regions. Eur J Neurosci 44, 2569-2580.

JaramilloyA "AnRandall, P. A., Stewart, S., Fortino, B., Van Voorhies, K. and Besheer, J.
(2018a) Functional role for cortical-striatal circuitry in modulating alcohol self-
administration. Neuropharmacology 130, 42-53.

Jaramillo, A A., Van Voorhies, K., Randall, P. A. and Besheer, J. (2018b) Silencing the
insular-striatal circuit decreases alcohol self-administration and increases sensitivity
to aleohold Behav Brain Res 348, 74-81.

Koob, G. F./and Volkow, N. D. (2010) Neurocircuitry of addiction.
Neuropsychopharmacology 35, 217-238.

Kurth, F., Zilles, K., Fox, P. T., Laird, A. R. and Eickhoff, S. B. (2010) A link between the
systems: functional differentiation and integration within the human insula revealed
by meta-analysis. Brain Struct Funct 214, 519-534.

Lamm, C. andySinger, T. (2010) The role of the anterior insular cortex in social emotions.
Bram,Struct Funct 214, 579-591.

Laukkanen, V., Karkkainen, O., Kautiainen, H., Tithonen, J. and Storvik, M. (2019)
Increased [(3)H]quisqualic acid binding density in the dorsal striatum and anterior
insula of alcoholics: A post-mortem whole-hemisphere autoradiography study.
Psychiatry Res Neuroimaging 287, 63-69.

Lawrence, A.J., Cowen, M. S., Yang, H. J., Chen, F. and Oldfield, B. (2006) The orexin
system regulates alcohol-seeking in rats. Br J Pharmacol 148, 752-759.

Lei, K., Wegner, S. A., Yu, J. H., Mototake, A., Hu, B. and Hopf, F. W. (2016) Nucleus
Accumbens Shell and mPFC but Not Insula Orexin-1 Receptors Promote Excessive
Aleohol Drinking. Front Neurosci 10, 400.

Luo, X., Zhang;'S:, Hu, S. et al. (2013) Error processing and gender-shared and -specific
neuralbpredictors of relapse in cocaine dependence. Brain 136, 1231-1244.

Makris, N.,.©@scar-Berman, M., Jaffin, S. K. et al. (2008) Decreased volume of the brain
reward'system in alcoholism. Biol Psychiatry 64, 192-202.

Marchant, N. J., Kaganovsky, K., Shaham, Y. and Bossert, J. M. (2015) Role of
corticostriatal circuits in context-induced reinstatement of drug seeking. Brain Res

1628, 219-232.

This article is protected by copyright. All rights reserved



McFarland, K., Lapish, C. C. and Kalivas, P. W. (2003) Prefrontal glutamate release into the
core of the nucleus accumbens mediates cocaine-induced reinstatement of drug-
seeking behavior. J Neurosci 23, 3531-3537.

McGinnis, M. M., Parrish, B. C. and McCool, B. A. (2020) Withdrawal from chronic ethanol
exposurerincreases postsynaptic glutamate function of insular cortex projections to the
rat basolateral amygdala. Neuropharmacology 172, 108129.

Mechtcheriakov, S., Brenneis, C., Egger, K., Koppelstaetter, F., Schocke, M. and
Marksteiner, J. (2007) A widespread distinct pattern of cerebral atrophy in patients
with alcohol addiction revealed by voxel-based morphometry. J Neurol Neurosurg
Psychiatry 78, 610-614.

Momenan, R, Steckler, L. E., Saad, Z. S., van Rafelghem, S., Kerich, M. J. and Hommer, D.
W. (2012) Effects of alcohol dependence on cortical thickness as determined by
magnetic resonance imaging. Psychiatry Res 204, 101-111.

Munoz, B., Fritz, B. M., Yin, F. and Atwood, B. K. (2018) Alcohol exposure disrupts mu
opioid receptor-mediated long-term depression at insular cortex inputs to dorsolateral
striatum=Nat Commun 9, 1318.

Myrick, H.,"Anton, R. F., Li, X., Henderson, S., Drobes, D., Voronin, K. and George, M. S.
(2004) Differential brain activity in alcoholics and social drinkers to alcohol cues:
relationship to craving. Neuropsychopharmacology 29, 393-402.

Nagvi, N. H., Rudrauf, D., Damasio, H. and Bechara, A. (2007) Damage to the insula
disrupts addiction to cigarette smoking. Science 315, 531-534.

Nestor, L., Hester, R. and Garavan, H. (2010) Increased ventral striatal BOLD activity during
non-drug reward anticipation in cannabis users. Neuroimage 49, 1133-1143.

Obernier, J. A., Bouldin, T. W. and Crews, F. T. (2002) Binge ethanol exposure in adult rats
causes necrotic cell death. Alcohol Clin Exp Res 26, 547-557.

Ohara, P.. L., Granato, A., Moallem, T. M., Wang, B. R, Tillet, Y. and Jasmin, L. (2003)
Dopaminergic input to GABAergic neurons in the rostral agranular insular cortex of
the ratsdWNeurocytol 32, 131-141.

Penfield, Waand Boldrey, E. (1937) Somatic motor and sensory representations in the
cerebral eortex of man as studied by electrical stimulation. Brain 60, 389-443.

Perini, 1., Kampe, R., Arlestig, T., Karlsson, H., Lofberg, A., Pietrzak, M., Zangen, A. and
Heilig, M. (2020) Repetitive transcranial magnetic stimulation targeting the insular
cortex for reduction of heavy drinking in treatment-seeking alcohol-dependent

subjects: a randomized controlled trial. Neuropsychopharmacology 45, 842-850.

This article is protected by copyright. All rights reserved



Pushparaj, A. and Le Foll, B. (2015) Involvement of the caudal granular insular cortex in
alcohol self-administration in rats. Behav Brain Res 293, 203-207.

Rasmussen, T. and Penfield, W. (1947) Further studies of the sensory and motor cerebral
cortex of man. Fed Proc 6, 452-460.

Reep, R. Iy, €orwin, J. V. and King, V. (1996) Neuronal connections of orbital cortex in rats:
topography of cortical and thalamic afferents. Exp Brain Res 111, 215-232.

Reil, J. (1809) Die sylvische Grube. Arch Physiol (Halle) 9, 195-208.

Schoenbaum, G., Roesch, M. R. and Stalnaker, T. A. (2006) Orbitofrontal cortex, decision-
making and drug addiction. Trends Neurosci 29, 116-124.

Scuppa, G., Tambalo, S., Pfarr, S., Sommer, W. H. and Bifone, A. (2020) Aberrant insular
cortgX ¢gonnectivity in abstinent alcohol-dependent rats is reversed by dopamine D3
receptor blockade. Addict Biol 25, ¢12744.

Seif, T., Chang, S.J., Simms, J. A. et al. (2013) Cortical activation of accumbens
hyperpolarization-active NMDARs mediates aversion-resistant alcohol intake. Nat
Neurosci 16, 1094-1100.

Senatorov, VaVagDamadzic, R., Mann, C. L., Schwandt, M. L., George, D. T., Hommer, D.
W., Heilig, M. and Momenan, R. (2015) Reduced anterior insula, enlarged amygdala
in alcoholism and associated depleted von Economo neurons. Brain 138, 69-79.

Seo, D., Lacadie; C. M., Tuit, K., Hong, K. 1., Constable, R. T. and Sinha, R. (2013)
Disrupted ventromedial prefrontal function, alcohol craving, and subsequent relapse
risk..JAMA Psych 70, 727-739.

Sharma, V. K. and Hill, S. Y. (2017) Differentiating the Effects of Familial Risk for Alcohol
Dependence and Prenatal Exposure to Alcohol on Offspring Brain Morphology.
Alcohol Clin Exp Res 41, 312-322.

Sherman, L. E., Rosenbaum, G. M., Smith, A. R., Botdorf, M. A., Fettich, K., Patrianakos, J.
L. McCloskey, M., Steinberg, L. D. and Chein, J. M. (2019) The interactive effects of
peersandialcohol on functional brain connectivity in young adults. Neuroimage 197,
264272

ShillinglawJ7E., Morrisett, R. A. and Mangieri, R. A. (2018) Ethanol modulates
glutamatergic transmission and NMDAR-mediated synaptic plasticity in the agranular
insular cortex. Front Pharmacol 9, 1-14.

Soyka, M. and Muller, C. A. (2017) Pharmacotherapy of alcoholism - an update on approved
and off-label medications. Expert Opin Pharmacother 18, 1187-1199.

This article is protected by copyright. All rights reserved



Spagnolo, P. A., Wang, H., Srivanitchapoom, P., Schwandt, M., Heilig, M. and Hallett, M.
(2019) Lack of Target Engagement Following Low-Frequency Deep Transcranial
Magnetic Stimulation of the Anterior Insula. Neuromodulation 22, 877-883.

Stewart, J. L., Connolly, C. G., May, A. C., Tapert, S. F., Wittmann, M. and Paulus, M. P.
(2014)yStriatum and insula dysfunction during reinforcement learning differentiates
abstinent and relapsed methamphetamine-dependent individuals. Addiction 109, 460-
471.

Sullivan, E.fV., Muller-Oehring, E., Pitel, A. L., Chanraud, S., Shankaranarayanan, A.,
Alsop; Ds,C., Rohlfing, T. and Pfefferbaum, A. (2013) A selective insular perfusion
deficit contributes to compromised salience network connectivity in recovering
alcoholic men. Biol Psychiatry 74, 547-555.

Tapert, S. F., Brown, G. G., Baratta, M. V. and Brown, S. A. (2004) fMRI BOLD response to
alcohol stimuli in alcohol dependent young women. Addict Behav 29, 33-50.

Tsurugizawa, T., Uematsu, A., Uneyama, H. and Torii, K. (2012) Functional brain mapping
of conscious rats during reward anticipation. J Neurosci Methods 206, 132-137.

Verdejo-GareiagAt, Chong, T. T., Stout, J. C., Yucel, M. and London, E. D. (2018) Stages of
dysfunctional decision-making in addiction. Pharmacol Biochem Behav 164, 99-105.

Wright, C. I "and Groenewegen, H. J. (1996) Patterns of overlap and segregation between
insulac.eortical, intermediodorsal thalamic and basal amygdaloid afferents in the
nucleus accumbens of the rat. Neuroscience 73, 359-373.

Yang, H., Spence, J. S., Briggs, R. W., Rao, U., North, C., Devous Sr, M. D., Xiao, H. and
Adinoff, B. (2015) Interaction between early life stress and alcohol dependence on
neural stress reactivity. Addict Biol 20, 523-533.

Yang, X., Tian, F., Zhang, H., Zeng, J., Chen, T., Wang, S., Jia, Z. and Gong, Q. (2016)
Cortical and subcortical gray matter shrinkage in alcohol-use disorders: a voxel-based

meta-analysis. Neurosci Biobehav Rev 66, 92-103.

FIGURE LEGEND

Figure 1. The effect of alcohol on the insular cortex. Under basal conditions, the insular
provides ‘normal’ glutamatergic tone onto downstream projection targets such as the striatum
(A). Based on the literature, we propose that long-term abstinence reduces glutamatergic

excitatory drive onto neurons within the striatum (B). Alcohol consumption, alcohol-associated
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cue-reactivity and alcohol-associated risky decision making increases glutamatergic drive onto

downstream neurons within the striatum.
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