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Abstract 

Impulsivity is an endophenotype of vulnerability for compulsive behaviors. However, the neural 

mechanisms whereby impulsivity facilitates the development of compulsive disorders, such as 

addiction or obsessive compulsive disorder, remain unknown. We first investigated, in rats, 

anatomical and functional correlates of impulsivity in the anterior insular cortex (AI) by measuring both 

the thickness of, and cellular plasticity markers in, the AI with magnetic resonance imaging and situ 

hybridization of the immediate early gene Zif268, respectively. We then investigated the influence of 

bilateral anterior insular cortex lesions on the high impulsivity trait, as measured in the 5-choice serial 

reaction time task (5-CSRTT), and the associated propensity to develop compulsivity as measured by 

high drinking levels in the schedule-induced polydipsia procedure. We demonstrate that the anterior 

insular cortex (AI) causally contributes to individual vulnerability to impulsive-compulsive behavior in 

rats. Motor impulsivity, as measured by premature responses in the 5-CSRTT was shown to correlate 

with the thinness of the anterior region of the insular cortex, of which highly impulsive rats (HI) 

expressed lower zif268 mRNA levels. Lesions of AI reduced impulsive behavior in HI rats, which were 

also highly susceptible to develop compulsive behavior as measured in a schedule-induced polydipsia 

(SIP) procedure. AI lesions also attenuated both the development and the expression of SIP. This 

study thus identifies the AI as a novel neural substrate of maladaptive impulse control mechanisms 

that may facilitate the development of compulsive disorders. 

 

Key Words: Impulsivity, Compulsivity, Insular cortex, 5-Choice serial reaction time task, 

Schedule induced polydipsia
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Introduction 

The neurobiological mechanisms subserving individual vulnerability to obsessive compulsive 

spectrum disorders (OCSDs), such as addiction or Obsessive/Compulsive Disorder (OCD), remain 

poorly understood. Impulse-control deficits commonly observed in patients suffering from OCSDs
1, 2

, 

are increasingly recognized as endophenotypes underlying the vulnerability to, and severity of, these 

disorders
1-5

. Thus, a high impulsivity trait
6
 and impulse control deficits such as those observed in 

attention-deficit/ hyperactivity disorder
7
 predict the emergence of  compulsive drug use

8
, while 

impulsivity may also predict the severity of OCD symptomatology
9
.  

Similarly, in preclinical models, trait-like impulsive behavior in rats, as measured by the inability to 

suppress premature, anticipatory responses in the five-choice serial reaction time task (5-CSRTT)
10

 

predates and causally contributes to the development of various forms of compulsive behavior
11, 12

, 

thus revealing a serial transition from impulsivity to compulsivity in the development of compulsive 

disorders. Indeed, highly impulsive (HI) rats are not only predisposed to develop compulsive cocaine 

self-administration
12

, but they have also been shown to be highly vulnerable to develop schedule-

induced polydipsia (SIP)
11

, a compulsive adjunctive drinking behavior
13, 14

 that recapitulates key 

hallmarks of compulsive behavior in OCD
15

. Thus, the compulsive drinking of SIP is not related to 

homeostatic thirst regulation
13, 14

, but is instead an excessive, repetitive, and maladaptive behavior 

that decreases markers of anxiety
16

.   

Although the behavioral and psychological relationship between impulsivity and various forms of 

compulsivity is well characterized, the neural mechanisms whereby impulse control deficits facilitate 

the development, and contribute to the severity, of compulsive disorders remain poorly understood. 

Increasing evidence suggests that the insular cortex, which is involved in interoception and associated 

emotional processes
17

, may be a neural locus that influences impulsive-compulsive behaviors
18-23

. 

Specifically, it has been suggested that somatic states associated with reward or anxiety may be 

processed by this region and thus provide a substrate for anticipatory responses contributing to the 

induction of impulsive behavior
24

 as well as compulsive avoidance behavior
25

. Anatomical and 

functional imaging studies in humans demonstrate that patients suffering from compulsive disorders, 

and their siblings
26

, show reduced grey matter density
26-29

, and altered function
20, 30, 31

 of the insular 

cortex compared with controls. Moreover, neuroimaging studies have implicated the anterior insular 

cortex (AI) in impulse control in both healthy individuals
20, 32

 and those addicted to drugs
33

. In 

preclinical studies, the AI is associated with reward processing
34, 35

 and impulsive decision making
36

. 
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These findings suggest that altered processing of interoceptive information in the AI may be involved 

in the facilitation of compulsive behaviors
37

 by underlying impulsivity traits. We therefore investigated 

whether the AI is causally involved in the expression of impulsivity in rats and the increased 

vulnerability this trait confers on the development of compulsive behavior, as measured by SIP
15

. 

Materials & Methods 

The timeline of the five different experiments of this study is presented figure 1. 

A detailed description of the materials and methods is provided in SOM. 

Subjects 

One hundred and forty male rats were used in this study. All experiments were conducted between 

8:00 am and 6:00 pm in agreement with the European Community Council Directives (86/609/EEC). 

Apparatus 

5-choice serial reaction time task 

The 5-choice serial reaction time task was performed in 5-hole boxes that have already been 

described
11

.  

Schedule-induced polydipsia 

The schedule induced poludipsia task (SIP) was performed in operant chambers that have already 

been described
11

.  

Behavioral procedures 

5-choice serial reaction time task 

The 5-CSRTT procedure has been extensively described 
38, 39

. Detailed methods are provided in 

SOM.  

Schedule-induced polydipsia 

SIP is a maladaptive, excessive intake of freely available water resulting in a decrease in 

corticosterone levels
16

 in the face of  predictable intermittent food delivery that has been suggested to 

generate distress in animals
40

.  Being excessive, maladaptive, somehow divorced from its immediate 

consequences and anxiolytic, performance under a SIP schedule captures the hallmark features of 

compulsive disorders as defined in the DSM
15

. Detailed methods for SIP experiments (experiments 4 

& 5) 1 are provided in SOM.  

Anxiety 

All rats exposed to SIP have been tested for their anxiety level, either before (experiment 4), or after 

SIP exposure (experiment 5) on an elevated plus maze (EPM, View point Life science, France) as 
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described in
41, 42

. A detailed description of the procedure for experiments 4 and 5 is provided in SOM.  

Imaging 

Magnetic resonance imaging was performed on anaesthetised rats using a 4.7T Bruker BioSpec 

47/40 system at 150µm isotropic resolution with a RARE sequence (imaging parameters: TR/TE 

3500/45ms, ETL 16, BW 40kHz).  

Voxel-based cortical thickness was used to assess cortical thickness through the entire brain
43

. The 

thickness maps were assessed using SPM8 (Wellcome Trust Centre for Neuroimaging, UCL, London) 

with the SPMMouse toolbox
44

 using a general linear model to find correlations with premature 

responding with an exploratory threshold of p < 0.005 (uncorrected). See SOM for more details.  

Surgery 

Stereotaxic neurosurgery was conducted under isoflurane anaesthesia as previously described. 

Lesions of the anterior insular cortex (n = 20) were performed by bilateral infusions of 0.8 μL of 0.09 

M quinolinic acid through a 26-gauge cannula (Phymep, Paris, France) at the following coordinates: 

AP + 1.44 mm and ML ± 5.2 mm from bregma, DV - 6.8 mm from skull surface
45

, incisor bar at - 3.3 

mm. For sham-operated rats, the injector was lowered bilaterally into the targeted area but no infusion 

was performed. Histological assessment of the lesions was performed as described in SOM. 

In situ hybridization 

The in situ hybridization experiments were performed on the same drug naïve animals as initially used 

in a previous study
39

, with similar methodology as described in
46

. Briefly, 12µm thick coronal sections 

of the anterior insular cortex (3 to 5 / rat) were subjected to pre-hybridisation treatment and hybridised 

overnight with a validated Zif 268 oligoprobe
39

. Sections were then subjected to post-hybridization and 

exposed 10 days to Kodak MR X-ray films. OD was quantified from digitized films using ImageJ 

software on regions of interest illustrated in Figure 3. 

Data and statistical analyses 

HI and LI rats were selected based upon their level of premature responses during the two long inter-

trial interval (LITI) sessions performed prior to surgery. The percentage of premature responses of 

each LITI session were averaged and ranked. Depending on the spread of the distribution of the 

population (example from experiment 3 provided Figure S1), rats were designated as HI or LI on the 

criteria of premature responses greater than or equal to 40 or 50 for HI or premature responses less 

than or equal to 20 or 30 for LI (adapted from
47

), whichever is closest to the upper and lower quartiles.  
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High drinkers (HD) and low drinkers (LD) were selected in the upper and lower quartile of the 

population (Figure S1), respectively, according to their average water intake during the last three SIP 

sessions as described previously
11

. Figures show group means ± SEM. Data were analysed using 

Statistica 10® and were subjected to analysis of variance (ANOVA) [with time (bins or pre vs post AIC 

lesion blocks, or insular structures as within-subject factors; and impulsivity, i.e. HI vs LI or lesion or 

compulsivity, i.e., HC vs LC, as between subject factors].  

The normality of the different distributions was assessed with the Kolmogorov-Smirnov test. When 

assumptions for homogeneity of variance, i.e., for zif268 mRNA levels, tested with the Cochran C test, 

were violated, data were subjected to a log-transformation.  

The relationships between impulsivity and insular thickness and between the level of SIP and the 

magnitude of the deficits in compulsive behaviour observed after AI lesions in experiment 5 were 

investigated using a parametric Pearson correlation. For this the deficit in compulsive behaviour was 

calculated as:  
(𝑊𝑎𝑡𝑒𝑟 𝑖𝑛𝑡𝑎𝑘𝑒 𝑑𝑎𝑦 20 𝑝𝑜𝑠𝑡𝑠−𝑠𝑢𝑟𝑔𝑒𝑟𝑦)−(𝑊𝑎𝑡𝑒𝑟 𝑖𝑛𝑡𝑎𝑘𝑒 𝑑𝑎𝑦 20 𝑝𝑟𝑒−𝑠𝑢𝑟𝑔𝑒𝑟𝑦)

𝑊𝑎𝑡𝑒𝑟 𝑖𝑛𝑡𝑎𝑘𝑒 𝑑𝑎𝑦 20 𝑝𝑟𝑒−𝑠𝑢𝑟𝑔𝑒𝑟𝑦
 𝑋 100. 

For all analyses, upon confirmation of significant main effects, differences among individual means 

were analysed using the Duncan's post hoc test. For all analyses, significance was accepted at α = 

0.05. To further support the observed effect of post-training SIP AI lesions carried on relatively small 

samples (experiment 5) partial Eta-squared values (partial 𝜂2) are reported as a measure of the effect 

size. 

Results 

We investigated whether impulsivity in rats measured in the 5-CSRTT, was associated with structural 

abnormalities in the insular cortex, as observed in impulsive-compulsive human syndromes. Rats 

characterized as high or low impulsive
12, 38

 on the basis of their level of premature responses during 

long inter-trial interval challenges
47

 in the 5-CSRTT were subjected to MRI scanning under general 

anesthesia. We found that impulsivity was inversely related to, and highly predicted by, the thickness 

of the insular cortex in rats (Figure 2A-B) [R
2
=0.62, p<.0001]. These results demonstrate that the 

relationship between insular cortex thickness and impulsivity is observed across species and that the 

former may be a neurobiological marker of impulse control deficits.  

According to the posterior-to-anterior organization of information integration within the insular cortex
48

, 

the AI, where interoceptive sensory mechanisms overlap with emotional evaluative processes to 

produce subjective ‘feelings’
49

, is the primary output domain of the insula and projects to the prefrontal 
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cortex, the amygdala and the ventral striatal nodes of the corticostriatal circuitry that is involved both 

in impulse control
47, 50-52

 and compulsive behavior such as SIP
53, 54

. We therefore investigated whether 

HI and LI rats differentially recruit the AI, as indexed by the activation of the cellular plasticity marker 

zif268
55, 56

, under conditions in which impulse control was challenged (Figure 3A). For this, we used 

in situ hybridization to quantify zif268 mRNA levels
39

 in the granular, agranular and dysgranular AI 

(Figure 3B) of brains harvested from HI and LI rats sacrificed after a 5-CSRTT session
39

. HI rats 

(n=6), which displayed higher levels of premature responses than LI rats both during LITIs [F1,9 

=17.84, p < .001] and baseline sessions [F1,9 = 21.79, p < .001], including the one that preceded 

sacrifice [F1,9 = 13.28, p < .01] exhibited a reduced level of zif268 mRNA in the AI as compared with LI 

rats (n=5) (Figure 3C) [main effect of impulsivity: F1,9 = 5.54, p < .05 and impulsivity x structure 

interaction: F2,18 = 5.23, p < .017]. This difference was primarily attributable to significantly lower 

zif268 mRNA levels in the agranular and dysgranular AI [ps<.05], both of which have major reciprocal 

connections with the prefrontal cortex and the basolateral amygdala and project to the ventral 

striatum, as opposed to the granular cortex, which projects to the amygdala and more dorsal 

territories of the striatum
48, 57

. The difference in Zif268 mRNA expression could not be attributable to 

other differences in task performance nor in rewards obtained since HI and LI rats did not differ in 

accuracy [F1,9 = 3.75, p > 0.85], omissions [F1,9 < 1] or perseveration responses [F1,9 < 1] (Figure 3D-

E). Thus altered cellular plasticity mechanisms in the AI may underlie high impulsivity.  

To demonstrate a causal involvement of the AI in impulse control deficits we assessed the effects of 

bilateral excitotoxic lesions of the AI (Figure 4) on the level of impulsivity of HI (n=14) and LI rats 

(n=15) (Figure S1A-B). As shown figure 4, selective bilateral AI lesions resulted in a significant 

decrease in premature responding in HI rats only (Figure 4B & C) [main effect of period (pre- vs post-

surgery assessment): F1,36 = 7.3, p < .05; impulsivity group x period x surgery interaction, F2,36 = 3.39, 

p < .05]. With an average reduction of 48% in premature responses as compared to pre-lesion 

performance, lesioned HI rats no longer differed from LI rats (either sham or lesioned) in their level of 

impulsivity (Figure 4C & D) [all ps > .05]. The effect of bilateral AI lesions was specific to impulse 

control because they had no effect on other psychological processes assessed in the 5-CSRTT, 

including attention and motivation (Figure S2) [all Fs < 2, all ps > .05]. Overall these results show that 

the AI contributes to impulse control deficits displayed by HI rats.  

To understand further the common contribution of AI to impulsivity and the associated increased 

propensity to develop compulsivity, we capitalised on the recently reported propensity of HI rats to 
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develop excessive levels of water intake in a SIP procedure
11

. We thus investigated the effect of 

bilateral AI lesions (Figure 5A) on the development of SIP (Figure 5B) and the long-term expression 

of this compulsive behavior in high-drinking rats (Figure 5C-D). Thirty-four rats received bilateral 

excitotoxic or sham AI lesions prior to exposure to the SIP procedure. Bilateral AI lesions prevented 

the development of SIP (Figure 5B) [time x surgery interaction: F25,800=1.61, p<.05]. Thus, despite a 

small trend towards increasing their water intake over time as compared to baseline conditions the 

schedule-induced drinking behavior of lesioned rats never differed from baseline [all ps > .05] as 

opposed to sham rats in which water intake progressively increased over time, differing from baseline 

by session 18 [all ps < .05] (Figure 5B). This decreased level of compulsive drinking observed in 

lesioned rats was specific to drinking as they did not differ from shams in either magazine entries or in 

food intake, thus exhibiting normal feeding motivation (Figure S3A) [all Fs < 1].  

We next investigated whether the AI is part of the neuroendophenotype that underlies the individual 

propensity to express high levels of compulsive behaviour, as operationalized in rats selected for their 

high level of SIP. An independent cohort of rats was exposed to the SIP procedure so that, after 20 

daily sessions high compulsive (HC) intermediate (IC) or low compulsive (LC) rats were identified as 

previously described
11

 (Figure S1C-D). Rats then received either bilateral excitotoxic or sham AI 

lesions, and following a post-surgery recovery period of 10 days they were re-exposed to the SIP 

procedure for 20 post-surgery daily sessions. As illustrated in Figure 5, bilateral AI lesions (Figure 

5A) resulted in a marked decrease in SIP, specifically in compulsive rats (Figure 5C-D) [surgery x 

group x period interaction: F2,34 = 4.68, p < .05, partial 𝜂2 =  .216]. Thus whereas HC sham operated 

rats rapidly recovered their pre-surgery levels of compulsive behavior, displaying daily levels of water 

intake much higher than their physiological need (as measured in d1 post surgery, Figure 5C) [p < 

.001], lesioned HC rats no longer displayed such compulsive behavior as revealed by their low level 

of water intake which never differed from baseline. Post-hoc analysis revealed that bilateral AI lesions 

resulted in a ~30% decrease in SIP in HC rats (Figure 5D) [p < .01] which differed from sham HC 

animals throughout the post-surgery training period [p < .01]. Thus HC rats were similar to both sham 

and lesioned LC animals [all ps > .05] that, akin to IC rats (Figure S4A-B), were unaffected by AI 

lesions (Figure S4C-D) [all ps > .05]. This between subject analysis was further strengthened by 

population-based dimensional analyses (Figure 5E-F). Thus, the magnitude of the deficit in 

compulsivity following bilateral AI lesions (n = 20) was predicted by the level of compulsive behaviour 

displayed during the final stages of SIP training [session 19: R = .55, R
2 

= .31, p < .002, partial 
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𝜂2 =  .3] (Figure 5E, table S1). This correlation was not observed in sham rats (n = 20) (Figure 5F, 

table S1) Thus, bilateral AI lesions dramatically influenced SIP performance only in animals prone to 

develop high levels of compulsivity. 

The differences in water consumption observed in HC lesioned rats were specific to drinking behavior 

because these animals did not differ from the other groups in their magazine entries (Figure S3B-C) 

[Fs < 1). Thus the effects of bilateral AI lesions on the compulsivity displayed by HC rats were unlikely 

to be attributable to altered homeostatic regulation since (i) excessive drinking in the SIP procedure is 

unrelated to thirst
14

; (ii) homeostatic-related baseline levels of water intake in HC, IC and LC rats were 

not influenced by AI lesions; and (iii) water intake during the SIP procedure was not affected by AI 

lesions in LC and IC rats (Figure S4). Moreover the effect of bilateral AI lesions on SIP is unlikely to 

be mediated by an altered anxiety state since anxiety indexed on the elevated plus maze was no 

different between sham and AI lesioned rats (Figure S5).   

Discussion 

The definition of a neural circuit that contributes to impulsivity in its multifaceted forms and the 

associated vulnerability to develop compulsivity is one of the major objectives in the search for 

endophenotypes of neuropsychiatric disorders of the impulsive/compulsive spectrum. The present 

findings show that the AI may be a core component of such a neural circuit, being functionally 

involved in impulse control deficit and associated propensity to develop compulsive behavior. Indeed, 

the present results show: (i) that a high impulsivity trait was predicted by AI cortical thinness, a 

potential anatomical marker of impaired inhibitory control that has also been observed in clinical 

studies of compulsive stimulant drug users
33

, (ii) HI rats showed reduced zif268 mRNA levels 

indicating blunted cellular plasticity processes in the AI following performance on the 5-CSRTT, an 

observation in line with the evidence from BOLD imaging that the AI is associated with motor 

impulsivity in humans
20

.  

The present results further demonstrate that the AI is causally involved in impulse control deficits and 

the associated propensity to develop a form of compulsive behavior as operationalized by high levels 

of drinking in a SIP procedure. Selective bilateral lesions of the AI resulted not only in a marked 

decrease in impulsivity in HI rats
11, 12

, but also prevented the development of compulsive behavior and 

markedly attenuated its long-lasting expression in highly compulsive rats.  

The effects of bilateral AI lesions on impulse control could not be attributed to attentional or 

motivational deficits, since accuracy and latency to magazine entry, as well as markers of attention 
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and motivation in the 5-CSRTT, were not affected. Additionally, histological assessment ruled out the 

possibility that the behavioral effects of AI lesions were due coincidental damage to the adjacent 

orbitofrontal cortex (OFC). Moreover, bilateral excitotoxic lesions of the OFC have no effect on 

premature responding, but instead increase perseverative responding in the 5-CSRTT
58

. This double 

dissociation suggests distinct contributions of the AI and OFC respectively to impulsive and 

perseverative behavior, as measured in the 5-CSRTT.  

Intriguingly, despite suggestions that these OFC-dependent perseverative responses in the 5-CSRTT 

may represent a form of compulsive behavior linked to OCD
59

, they do not correlate with compulsive 

cocaine self-administration
12

, nor with nucleus accumbens dependent behavior such as impulsive 

responses in the 5CSRTT
10

 and SIP
11 and present study

, nor are they influenced by atomoxetine, a 

noradrenaline reuptake inhibitor that decreases both impulsivity and SIP
11

. This suggests that 

perseverative responding in the 5-CSRTT may depend on neural and psychological processes that 

are dissociable from those underlying the compulsive nature of SIP.   

Bilateral AI lesions influenced neither baseline water intake nor the increased anxiety state that 

follows chronic exposure to the SIP procedure. Thus, the influence of AI lesions in the development of 

SIP on general populations or the long-term expression of high levels of SIP in high compulsive rats 

cannot be attributable to an effect on the basic mechanisms governing thirst or the expression of 

anxiety. 

The lack of effect on anxiety of AI lesions despite their effect to reduce levels of SIP may reflect the 

selective involvement of the insular cortex in the development of compulsive habits. Indeed, while 

corticosterone levels have been shown to be reduced after as little as 4 ml of drinking in polydipsic 

rats
60

, the excessive drinking displayed by the HC rats was not motivated solely by a homeostatic 

tendency to reduce stress. If this was the case, then the prevention of SIP would be associated with 

an increase in anxiety levels, but AI lesions had no effect on elevated plus maze measures of anxiety. 

The data are more compatible with the hypothesis that, after more than three weeks of training, SIP 

had become compulsive following over-training and therefore divorced from any stress-reducing 

functions it may have served during its acquisition. 

The effects of bilateral AI lesions on both impulsive and compulsive behaviors were only partial, e.g. 

between 30 and 40% decrease in behaviour, and state-dependent in that they were only observed in 

vulnerable HI or HC rats. This suggests that the AI is a key neural node in a network inducing these 

behaviors, whilst not necessarily itself subserving impulse control and the associated propensity to 
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express compulsive behaviors (see 
61

). The precise nature of the neural network through which the AI 

influences impulse control and the transition to compulsivity remains to be established but likely 

involves the prefrontal cortex and the amygdala with which the AI has extensive reciprocal 

connections
52, 62

, as well as the nucleus accumbens
4
.  

The anatomical e.g.
63

 as well as functional relationships
64

 between the AI and the nucleus 

accumbens, long viewed as a functional interface between emotions and actions
65

, may contribute to 

the modulation of impulse control and the associated transition to compulsivity
66, 67

. AI-accumbens 

functional interactions are involved in incentive anticipation
64

, while the nucleus accumbens has been 

shown to regulate both impulsivity and the development of SIP
51, 54, 68

. Another potential neural 

network by which the AI influences impulse control is through its projections to the amygdala, since 

the reciprocal interactions between the AI and the amygdala have been shown to facilitate the 

conscious awareness of emotional states related to subjective feelings
69

. Neuroimaging studies have 

shown that the stronger the connectivity between insular cortex and amygdala, the lower was impulse 

control in a group of abstinent heroin addicted patients
70

. This observation is in line with our current 

findings demonstrating that AI lesions restore impulse control in highly impulsive rats and prevents the 

development of compulsivity. 

The role of the AI in the modulation of impulse control and the associated propensity to develop 

compulsive behavior demonstrated in the present study is consistent with the theoretical framework of 

Bechara and Damasio
71, 72

 suggesting that interoceptive mechanisms play a major role in regulating 

cognitive processes. Thus impaired AI-dependent emotionally evaluated interoceptive states
19

 may 

tune corticostriatal processes governing control over internally-driven urges, thereby facilitating 

impulsivity and hence the transition to compulsivity under stress.  
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Figure legends 

Figure 1: Timeline of the 5 experiments 

Five experiments were carried out on independent cohorts of rats. Experiments 1 and 2 aimed at 

identifying anatomical and functional markers of impulsivity in the insular cortex of rats selected as 

high or low impulsive based on their level of premature responses in the 5-CSRTT. Experiments 2-5 

aimed at investigating the influence of bilateral anterior insula lesions on impulsivity trait, the 

development of compulsive behavior as measured in the development of high levels of drinking in a 

SIP procedure and the expression of compulsivity in rats identified as high drinkers in the SIP 

procedure.  5-CSRTT: Five choice serial reaction time task. SIP: schedule-induced polydipsia. AI: 

anterior insula. EPM: elevated plus maze. HI: Highly impulsive, LI: low impulsive. HC: highly 

compulsive, LC: low compulsive. 

Figure 2: Impulsivity is predicted by the thinness of the insular cortex in rats. 

A three-dimensional reconstruction displaying typical cortical thickness in HI rats as compared with LI 

rats (A) suggests that the higher impulsivity the thinner the insula. A correlational analysis (B) 

between the thickness result from significant voxels in the insula cortex and impulsivity (premature 

responding rate (%) in the 5-CSRTT) revealed that those rats having higher rates of premature 

responding exhibit thinner insular cortices [R
2
=0.62, p<.0001].  

Figure 3: High impulsivity in the 5-CSRTT is associated with reduced Zif268 mRNA 

levels in the anterior insular cortex.  

(A) As compared to LI rats, HI rats displayed higher levels of premature responses (an index of 

impulsivity) both during lITI and baseline sessions, including the one that preceded the assessment of 

zif258 mRNA. (B) In situ hybridization for the zif268 mRNA yielded excellent signal in the granular, 

agranular and dysgranular AI of HI and LI rats. (C) As compared to LI rats, HI rats displayed a lower 

level of zif268 mRNA in both the agranular and dysgranuar AI, but not in the granular AI. (D-E) HI and 

LI rats only differed in their impulse control since they displayed no differences in accuracy, 

omissions, and perseverative responses in the 5-CSRTT. HI, high impulsive rat; LI, low impulsive rat; 

II, intermediate-impulsive rat; Bl, baseline; lITI, long inter trial interval; AGI, agranular insula; DGI, 

dysgranular insula; GI, granular insula. Blue background represents post-lesion performance. 

Figure 4: Bilateral anterior insular cortex lesion restores impulse control in highly 
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impulsive rats 

(A) Schematic representation of the extent of the bilateral excitotoxic lesions of the AI from rats 

identified as high (HI) or low impulsive (LI). Areas shaded in grey represent the extent of neuronal 

damage. Coronal sections are +4.4 mm anterior through 0.00 mm anterior to Bregma. (B) After 

bilateral lesion of the anterior insular cortex (AI), the level of premature responses of HI rats during 

the LITI sessions was significantly reduced and did not differ from those expressed by intermediate 

and low impulsive rats. (C) Overall levels of impulsivity of the lesioned HI rats were significantly 

reduced post-surgery in marked contrast sham operated HI rats, which did not display a decrease in 

premature responses during the LITI sessions post-surgery (D-E). HI, high impulsive rat; LI, low 

impulsive rat; II, intermediate-impulsive rat; Bl, baseline; LITI, long inter trial interval. *: p<0.05 

different from pre-surgery levels. 

Figure 5: Bilateral anterior insular cortex lesion prevents the development of SIP and 

its expression in high compulsive rats. 

(A) Schematic representation of the extent of the bilateral excitotoxic lesions of the AI from rats 

identified as high (HC) or low compulsive (LC). Areas shaded in violet represent the extent of 

neuronal damage. Coronal sections are +4.4 mm anterior through 0.00 mm anterior to Bregma. (B). A 

pre-training bilateral lesion of the AI prevented the development of compulsive behaviour. Whereas 

Sham operated rats displayed an increase in water intake over time which reached levels significantly 

higher than baseline by session 18 (all ps<.05), lesioned rats never displayed levels of water intake 

that differed from baseline. (C). Bilateral AI lesions dramatically reduce compulsive behaviour in high 

compulsive rats. Following a bilateral AI lesion, only HC rats failed to re-developed SIP since their 

daily water intake over 20 SIP sessions no longer differed from baseline, contrary to sham animals for 

which water intake increased significantly relative to baseline from the first post-surgery SIP session 

(al ps<.05). A comparison of the overall average daily water intake displayed by sham and lesioned 

HC rats pre and post lesion (D) revealed that bilateral AI lesions decreased by ≈ 30% compulsive 

behaviour in HC rats (p<.001). (E-F) Regression analyses on cohorts of sham (n=20) or AI-lesioned 

(n=20) rats revealed that initial levels of performance under the SIP procedure predicted the 

magnitude of the deficit in compulsive behaviour following bilateral AI lesions. 

Violet background represents post-lesion assessment; dotted line represents the post surgery water 

intake baseline; HC, high compulsive rat; *, different from baseline p<.001, 
@,

 different from HC 
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lesioned pre-surgery p<.001; 
£
, different from HC lesioned pre-surgery p<.01; 

$
,
 different from HC 

sham post-surgery p<.01. AP: antero-posterior, Bl: baseline. 


