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ABSTRACT: 18 

 19 

BACKGROUND: One major hallmark of alcohol use disorder (AUD) is the persistence of alcohol 20 

drinking despite negative consequences. Among the indicators of AUD vulnerability, binge 21 

drinking is a strong risk factor. Although the lifetime prevalence of binge and AUD has been 22 

historically higher in men than women, this gap dramatically narrowed in the last decade. 23 

Additionally, sex differences in AUD and binge drinking have been shown in clinical and preclinical 24 

studies, respectively. The insular cortex plays an important role in AUD, and the anterior (aIC) 25 

and posterior (pIC) divisions have dimorphic functions. However, the contributions of the aIC and 26 

pIC sections in alcohol binge drinking and alcohol persistent drinking despite aversion, as well as 27 

the sexual dimorphism of these contributions, remained to be uncovered.  28 

 29 

METHODS: First, by combining the drinking in the dark model with chemogenetics, we studied 30 

the causal role of aIC and pIC excitatory neurons in binge and persistent ethanol drinking in 31 

C57BL6/J male (n=49) and female (n=49) mice. Second, using calcium fiber photometry, we 32 

investigated pIC neuronal activity in both sexes (male n=14, female n=11) during both binge and 33 

persistent ethanol drinking. 34 

 35 

RESULTS: We identified a higher binge and persistent ethanol consumption in females compared 36 

to males. Chemogenetic inhibition of aIC glutamatergic neurons reduced bitter solutions intake 37 

independently of the solvent (ethanol or water), in both sexes. In contrast, inhibition of pIC 38 

glutamatergic neurons exclusively reduced persistent ethanol drinking in female mice. Finally, 39 

using fiber photometry recordings, we uncovered that pIC glutamatergic neuron activity was 40 

selectivity increased during ethanol persistent drinking in female mice. 41 

 42 

CONCLUSIONS: These findings suggest a sex-dependent function of the pIC in persistent 43 

ethanol drinking, providing a starting point in our understanding of the insular cortex function in 44 

the neurobiology of AUD in both sexes. 45 

 46 

 47 

 48 
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INTRODUCTION 49 

Alcohol use disorder (AUD) is a chronic relapsing disorder defined by the persistence of excessive 50 

alcohol consumption despite physical and psychological negative consequences (1), which are a 51 

major impediment to AUD treatment (2,3).  AUD is a major public health burden as 6% of the 52 

world population is affected by alcohol morbidity or mortality (4). Among the indicators of 53 

vulnerability to AUD, binge drinking, an episodic and excessive pattern of alcohol consumption 54 

leading to the intoxication threshold of 80 mg/dL, has been identified as a strong risk factor (3,5–55 

7). Indeed, a longitudinal study showed that 43% of adolescents (13 to 18 years old) that binge-56 

drink alcohol developed AUD at the age of 21, whereas only 7% of non-bingers developed AUD 57 

at the same age (8). In preclinical studies, binge-drinking is modeled using the drinking in the dark 58 

(DID) procedure, where mice have repeated access to alcohol for a limited time during the dark 59 

phase of the circadian rhythm (active period) which allows to reach blood ethanol concentration 60 

(BEC) of 80 mg/dL as observed in humans (8–10). Interestingly, this model can be adapted to 61 

study the persistence of alcohol drinking despite aversive outcomes, for example by adulterating 62 

ethanol with quinine, a bitter and aversive substance to mice (11–14).  63 

Historically, men have been more likely than women to drink alcohol and exhibit pathological 64 

drinking behaviors. In 2020, AUD lifetime prevalence was still higher in men than women, 65 

reaching respectively 36% and 23% (15). However, a recent longitudinal study showed that the 66 

increase rate of AUD over a decade was drastically higher in women than men, with respective 67 

rates of 84% and 35% (16). These epidemiological data highlight that the sex difference of AUD 68 

prevalence is narrowing. Furthermore, women transition faster to AUD after regular or chronic 69 

alcohol consumption (17,18) and are subsequently more likely to develop alcohol-related 70 

diseases (e.g. cardiovascular and hepatic diseases) (19–21). Interestingly, preclinical studies 71 

revealed sex differences in alcohol intake, with female rodents drinking more than males across 72 

different models of intake, including binge drinking and drinking despite taste aversion (12,22–73 
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29). This higher propensity to alcohol drinking in females is proposed to be, at least in part, due 74 

to their lowest sensitivity to aversive properties of alcohol, as female rodents are more resistant 75 

to ethanol conditioned taste aversion (30,31). 76 

The insular cortex (or insula), is strongly involved in drug addiction (32–34), including AUD (35–77 

37). Indeed, human functional imaging studies have demonstrated that alcohol cues trigger 78 

greater activity responses in the insula, in alcohol dependent subjects (38,39). Furthermore, 79 

insula white matter volume is linked to binge drinking frequency in adolescents (40). Indeed, a 80 

higher white matter volume in the left insula was associated with stronger drinking motivations, 81 

and therefore a greater frequency of binge drinking. Anatomically, the insula is subdivided into 82 

the anterior (aIC) and posterior (pIC) sections, which are proposed to have antagonistic functions 83 

in a wide range of behaviors (41–43). In AUD patients, structural studies report a reduction of the 84 

aIC volume and gray matter density compared to healthy controls, which is correlated with higher 85 

compulsive drinking measures (44–47). In addition, aIC functional connectivity with several brain 86 

regions (e.g. hippocampus, medial orbitofrontal regions) is higher in patients with AUD compared 87 

to social drinkers (48) and healthy controls (49). Intriguingly, less information is known about the 88 

role of pIC in AUD. Indeed, only two recent studies reported a decrease of pIC gray matter 89 

volumes in AUD patients (49,50) and a higher resting state of the pIC relative to healthy controls 90 

(49), suggesting that the pIC plays a role in AUD as well. Preclinical studies confirmed the role of 91 

both aIC and pIC in ethanol drinking behaviors. Indeed, chemogenetic activation or inhibition of 92 

aIC neurons respectively decrease and increase alcohol intake in several behavioral paradigms 93 

such as self-administration and intermittent 2-bottle choice (51–53). In contrast, pharmacological 94 

inactivation of pIC neurons decreases alcohol self-administration (54), suggesting divergent 95 

functions of aIC and pIC in alcohol drinking. However, how sex as a biological variable influence 96 

those divergent contributions remained untested. 97 
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Recent findings point towards structural sexual dimorphism of the insula, with a larger volume in 98 

men than women in physiological conditions, whereas in AUD long-term abstinent patients this 99 

ratio is inverted (47). In support of these clinical findings, preclinical studies highlighted sex 100 

differences of insula functions in alcohol drinking behaviors. For example, in alcohol binge 101 

drinking mice, optogenetic stimulation of aIC terminals in the dorso-lateral striatum induced larger 102 

excitatory post-synaptic currents and smaller AMPA/NMDA current ratio recorded in medium 103 

spiny neurons compared to water drinking mice (55). Interestingly, this synaptic plasticity was 104 

observed in males but not female mice (55). Additionally, in mice, short-term ethanol exposure 105 

increases the excitability of pIC projection neurons targeting the bed nucleus of the stria terminalis 106 

neurons in females, but not males (56). Although the literature pinpoints the insular cortex as a 107 

key player in alcohol-related behaviors, the sexual dimorphism of aIC and pIC function in binge 108 

and/or persistent alcohol intake despite quinine aversion remains to be uncovered. 109 

Using an adapted DID model, we repeatedly demonstrated a higher binge and persistent ethanol 110 

consumption despite aversion in female compared to male mice. Combining the DID protocol with 111 

chemogenetics in a within-subject experimental design, we showed that inhibition of aIC 112 

glutamatergic neurons reduced bitter solutions intake independently of the solvent (e.g. ethanol 113 

or water), in both sexes. In contrast, pIC glutamatergic neuron inhibition exclusively reduced 114 

persistent ethanol drinking in female mice. Then, using in vivo calcium fiber photometry 115 

recordings, we identified that pIC excitatory neurons are activated during drinking of all liquids 116 

tested, when we did not consider sex as a variable. However, when comparing males and 117 

females, we uncovered that pIC glutamatergic neuron activity was selectivity increased in female 118 

mice during ethanol persistent drinking. 119 

Altogether, we identified a sex-dependent function of the pIC in persistent ethanol drinking, 120 

providing a starting point in our understanding of the insular cortex function in the neurobiology of 121 

AUD in both sexes. 122 
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METHODS AND MATERIALS 123 

For additional details on the methods, see the Supplement. 124 

Stereotactic surgeries  125 

Chemogenetic viral injection. The adeno-associated viruses encoding the inhibitory hM4Di 126 

receptor coupled to mCherry under the control of CaMKII promoter (AAV9-CaMKIIa-hM4D(Gi)-127 

mCherry, Addgene), to target glutamatergic neurons, or the control viral vector (AAV9/2-128 

mCaMKII-mCherry-WPRE, ETH Zürich) were injected bilaterally (200-250 nL, 1nL/sec) in the aIC 129 

(antero-posterior +1.7mm; medial-lateral ±3.1mm; dorso-ventral -3.5mm from the bregma) or in 130 

the pIC (antero-posterior -0.35mm; medial-lateral ±4.0mm; dorso-ventral -4.2mm from the 131 

bregma). 132 

Calcium fiber photometry viral injection and fiber implantation. A viral vector coding for the calcium 133 

sensor GCaMP6f (AAV9-CaMKII-GCaMP6f-WPRE-SV40, Addgene) was injected unilaterally 134 

(250 nl, 1nl/sec) in the right pIC. An optic fiber (400µm diameter, 0.48 NA, >90% efficiency) 135 

inserted in a ceramic ferrule was implanted 50µm above the virus injection site. 136 

  137 

Drinking in the dark procedure (DID) 138 

The DID protocol is based on the circadian rhythm where animals have access to different liquids 139 

(e.g. ethanol) during the nocturnal period (8,9). Two and a half hours after the onset of the dark 140 

phase, the water bottle in the home cage was replaced by different liquids for 2 hours per day for 141 

4 consecutive days, followed by 3 days with water access only. This 7-day cycle is repeated for 142 

4 weeks (Figure 2C), starting with tap water (cycle 0), then ethanol (20% v/v in tap water, cycles 143 

1 and 2) to study binge drinking behavior, and ethanol adulterated with quinine (500µM of quinine, 144 

cycle 3) to study persistent drinking behavior despite aversion. Finally, water or water adulterated 145 

with quinine (500µM quinine) consumption was measured during a single 2-hour session and 146 

served as control. Daily liquid consumption was obtained by weighting the bottle before and after 147 

the 2-hour session, and mice were weighed the first day of each cycle. 148 
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Blood ethanol concentration measurement. To measure blood ethanol concentrations (BEC), 149 

blood sampling was performed by incision of the lateral tail vein 30 minutes or 2 hours after the 150 

onset of the ethanol session. The samples were immediately centrifuged at 10,000 rpm for 10 151 

minutes at 4°C. The BEC in mg/dL was obtained from the serum using the Analox GL5 analyzer. 152 

We excluded 3 males and 3 females from the BEC analysis after 2-hour ethanol intake because 153 

the blood sample did not contain enough serum. 154 

 155 

Chemogenetic inhibition of aIC or pIC excitatory neurons during binge and persistent 156 

ethanol drinking  157 

The same DID procedure as described above was used. Additionally, a subgroup of animals 158 

underwent three more days of water+quinine followed by a last cycle of ethanol+quinine to control 159 

the resumption of persistent ethanol drinking. The day before the chemogenetic manipulation an 160 

intraperitoneal (i.p.) injection of vehicle (NaCl, 0.1 mL/kg) was performed 30 minutes before the 161 

drinking session for habituation. The causal role of aIC or pIC glutamatergic neurons on drinking 162 

was tested after injection of CNO (i.p. 3 mg/kg in NaCl, Tocris) or vehicle 30 minutes before the 163 

last session of binge (day 18), persistent ethanol drinking (day 25) and a single session of water 164 

or water+quinine (day 29). To note, mice tested for chemogenetic inhibition of pIC on 165 

water+quinine drinking (day 29) were CNO naive.  166 

 167 

Coding properties of pIC excitatory neurons during binge and persistent ethanol drinking   168 

The same DID procedure as described before was used, except that no initial water cycle was 169 

performed. To study the coding properties of pIC neurons during binge and persistent ethanol 170 

drinking, the calcium signal and the drinking behavior (e.g. licking) has to be synchronized. Thus, 171 

after two ethanol binge cycles in their home cage, mice (n=14 males and n=11 females) 172 

underwent three cycles of ethanol drinking (cycle 3 to 5) in multifunctional boxes equipped with 173 

lickometers (Figure S2A). Then, after one cycle of ethanol+quinine drinking in the home cages 174 
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(cycle 6), mice underwent a cycle of ethanol+quinine drinking in the multifunctional boxes (cycle 175 

7). Finally, a water and water+quinine photometry recording session was performed in these 176 

boxes as a control. To note 3 male and 2 female ethanol naive mice were included in water 177 

recording analysis and 4 male and 2 female ethanol naive mice were included in water+quinine 178 

recording analysis. 179 

Fiber photometry recordings. The recordings were performed with Neurophotometrics fiber 180 

photometry system (FP3002 V2), on the last day of the last ethanol and ethanol+quinine cycles, 181 

and during a single water and water+quinine session (Figure S2A). The recordings were 182 

performed using a 4-branch patch cord (400µm diameter, NA=0.48, 1 branch per animal). Then, 183 

the drinking sprout was filled with the appropriate solution, and the recording lasted 1 hour as 184 

previously done (33). Mice were kept in the boxes for an additional hour for a total of a 2-hour 185 

session. The drinking sprout was automatically refilled to give ad-libitum access to the mice. The 186 

optimal wavelength for GCaMP6f excitation is 470 nm, while the isosbestic wavelength is 415 nm. 187 

To minimize the photobleaching effect of the recording, the light intensity at the tip of the patch 188 

cord was adjusted between 80 and 100 µW for both channels. 189 

Calcium fiber photometry data analysis. Photometry recordings were analyzed using custom 190 

Python scripts which can be downloaded at: 191 

https://github.com/praneethnamburi/photometry_collab_ab. The timestamps for lick events 192 

were extracted and classified in bouts. A bout event is defined as a lick or a group of licks with an 193 

inter lick interval (ILI) less than or equal to 10 seconds, for the peri-event analysis. The first 10 194 

minutes of signals were discarded. Then, GCaMP and isosbestic signals were de-trended using 195 

the airPLS algorithm (57), and the detrended isosbestic signal was regressed from the detrended 196 

GCaMP signal. The resulting signal was bandpass filtered with cutoff frequencies of 0.2 and 6 Hz 197 

using a finite impulse response filter implemented in the scipy package. Finally, a time window of 198 

-10 to +10 s was defined for the peri-event analysis of the resulting signal aligned to the first lick 199 
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of each bout. Signal from each window was z-normalized by subtracting the mean of the baseline 200 

and dividing the result by the standard deviation of the baseline, where the baseline signal was 201 

defined as the signal from 10 s to 8 s before a lick bout onset. Z-normalized calcium signals were 202 

averaged for each male and female mouse during the reference (-8 to -5 sec) and licking window 203 

(0 to +3 sec) to describe the signal changes.  204 

 205 

RESULTS 206 

Sexual dimorphism of ethanol binge drinking: validation of the drinking in the dark model  207 

After 2 ethanol cycles (Figure 1A), the average of ethanol consumption over 2-hour access was 208 

higher in females than males (Figure 1B, unpaired Student t-test, t=3.864, p=0.0007) whereas 209 

the BEC levels were similar between sexes (Figure 1C), with 23% of males and 15% of females 210 

reaching the binge intoxication threshold of 80 mg/dL. The literature suggests that mice drink the 211 

majority of the total ethanol intake at the beginning of the DID sessions (10). Thus, we measured 212 

the proportion of ethanol consumed during the first 30-minutes of the 2-hour session and we 213 

showed that males consumed 67% and females 84% of the total ethanol intake during this period 214 

(Figure 1D). Moreover, in an additional session, ethanol intake and BEC were measured after 30 215 

minutes of ethanol access and revealed a higher ethanol intake (Figure 1E, unpaired Student t-216 

test, t=3.679, p=0.0009) and BEC (Figure 1F, unpaired Mann-Whitney, U=71, p=0.0318) in 217 

females than males with a respective proportion of 75% and 44% of mice reaching the intoxication 218 

threshold of 80 mg/dL which validates the model. 219 

 220 

Chemogenetic inhibition of aIC and pIC glutamatergic neurons during binge and persistent 221 

ethanol drinking 222 

At the behavioral level, for all liquids during the sessions without chemogenetic manipulation, 223 

animals injected into aIC or pIC showed similar results, so we grouped them together (Figure 3A-224 

H). Across the sessions, both male and female mice had similar levels of water intake as well as 225 
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average water intake (Figure 3A, B). In contrast, female mice consumed a larger amount of 226 

ethanol across the sessions (Figure 3C, 2-way RM-ANOVA, sex factor F1,97=94.91, p<0.0001 227 

and session factor F5.192, 503.7=4.629, p=0.0003 without interaction F6, 582=0.5145, p=0.7976) and 228 

on average than males (Figure 3D, unpaired Student t-test, t=9.742, p<0.0001) although the 229 

absolute volume of ethanol solution was similar between sexes (Figure S1A). Similarly, when 230 

ethanol was adulterated with quinine, female mice had a higher consumption than males across 231 

the sessions (Figure 3E, 2-way RM-ANOVA, sex factor F1, 96=94.71, p<0.0001 and session factor 232 

F1.880, 180.5=4.931, p=0.0095 without interaction F2, 192=1.233, p=0.2938), on average (Figure 3F, 233 

unpaired Student t-test, t=9.732, p<0.0001) as well as on absolute volume (Figure S1B, unpaired 234 

Student t-test, t=4.472, p<0.0001). Both ethanol and ethanol adulterated with quinine drinking 235 

were independent of the hormonal cycle in female mice (Figure S1C, D). To test the strength of 236 

persistent ethanol drinking despite quinine aversion, a subgroup of mice had access to 237 

water+quinine for 3 sessions, followed by 4 sessions of ethanol+quinine access. Both males and 238 

females show an increase of ethanol+quinine intake after exposure to 3 days of quinine diluted in 239 

water (Figure 3G, 2-way RM-ANOVA, sex factor F1, 35=11.00, p=0.0021, session factor 240 

F6, 210=17.35, p<0.0001, with an interaction F6, 210=3.316, p=0.0039). Interestingly, in both sexes, 241 

the average of quinine solution consumed was larger when quinine was mixed to ethanol, than 242 

when quinine was diluted in water (Figure 3H, 2-way RM-ANOVA, sex factor F1, 46=17.32, 243 

p=0.0001, liquid factor F1, 46=52.47, p<0.0001, with a sex x liquid interaction F1, 46=8.905, 244 

p=0.0045). These results validate the aversiveness of quinine and that ethanol reintroduction to 245 

quinine is sufficient to resume ethanol persistent drinking in both sexes. 246 

 247 

To study the causal role of aIC and pIC neurons in binge and persistent ethanol drinking, we used 248 

a chemogenetic approach (Figure 2A-C), that we validated using in-vivo electrophysiology 249 

(Figure S1E, F, paired Wilcoxon test, p=0.023), to inhibit aIC or pIC glutamatergic neurons by 250 

expressing hM4Di, under the CaMKIIɑ promoter, before the mice underwent the behavioral 251 
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protocol. Then, we investigated the effect of chemogenetic inhibition of aIC or pIC excitatory 252 

neurons on binge and persistent ethanol intake. Chemogenetic inhibition of aIC or pIC 253 

glutamatergic neurons (Figure S1M, N) do not influence ethanol drinking in both sexes (Figure 254 

4A, 2-way ANOVA, sex factor F1, 42=33.65, p<0.0001, virus factor F1, 42=0.9755, p=0.3290, with 255 

no sex x virus interaction F1, 42=1.340, p=0.2535, Figure 4F, 2-way ANOVA, sex factor 256 

F1, 26=27.71, p<0.0001, virus factor F1, 26=0.0001289, p=0.9910, without sex x virus interaction 257 

F1, 26=0.2937, p=0.5925). In contrast, the inhibition of aIC excitatory neurons reduced 258 

ethanol+quinine drinking independently of the sex (Figure 4B, 2-way ANOVA, sex factor 259 

F1, 41=18.71, p<0.0001, virus factor F1, 41=8.624, p=0.0054, with no sex x virus interaction 260 

F1, 41=2.201, p=0.1456), whereas the inhibition of pIC excitatory neurons reduced ethanol+quinine 261 

intake exclusively in female mice (Figure 4G, 2-way ANOVA, sex factor F1, 26=42.01, p<0.0001, 262 

virus factor F1, 26=14.04, p=0.0009,  with a sex x virus interaction F1, 26=7.055, p=0.0133). To 263 

control whether aIC and pIC glutamatergic neurons inhibition was specific to ethanol persistent 264 

drinking, we tested the effect of the same chemogenetic manipulation on water and water+quinine 265 

intake. The inhibition of aIC or pIC glutamatergic neurons did not change water consumption nor 266 

in males neither in females (Figure 4C, H). In contrast, inhibition of aIC neurons decreased 267 

water+quinine intake independently of the sex (Figure 4D, 2-way ANOVA, sex factor F1, 19=1.481, 268 

p=0.2386, virus factor F1, 19=10.80, p=0.0039, with no sex x virus interaction F1, 19=1.296, 269 

p=0.2691), while, we observed a strong trend of pIC inhibition to reduce water+quinine intake 270 

mainly driven by the male group (Figure 4L, 2-way ANOVA, sex factor F1, 19=2.677, p=0.1183, 271 

virus factor F1, 19=4.230, p=0.0537, with no sex x virus interaction F1, 19=2.999, p=0.0995). Finally, 272 

to rule out any behavioral confound due to CNO treatment, the locomotion was measured in 273 

control mice that received CNO or vehicle injection, and in mice expressing the inhibitory viral 274 

vector in aIC or pIC that received CNO injection. Locomotion was similar between the three 275 

groups (Figure 4E, J). Finally, CNO injection in control animals did not alter ethanol, 276 
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ethanol+quinine and water intake compared to control animals injected with vehicle (Figure S1G-277 

L).  278 

Together, our results demonstrate a divergent function of aIC and pIC glutamatergic neurons on 279 

drinking behaviors with the aIC neurons supporting bitter solution drinking in both sexes and the 280 

pIC neurons underpinning persistent ethanol drinking only in females. 281 

 282 

Coding properties of pIC glutamatergic neurons during binge and persistent ethanol 283 

drinking 284 

Using fiber photometry with the genetically encoded calcium sensor GCaMP6f 285 

(Figure 5A, B, S2F), we recorded pIC glutamatergic neurons activity during licking behaviors 286 

over 1 hour (Figure 5C, S2). Behaviorally, the average of ethanol intake across all drinking 287 

sessions, excluding the recording session, was similar between males and females (Figure 5D), 288 

whereas the average of ethanol+quinine intake was higher in females (Figure 5E, unpaired 289 

Student t-test, t=4.023, p=0.0024). Both sexes did the same average number of bouts for ethanol, 290 

ethanol+quinine, water and water+quinine during the recording sessions (Figure S2B-E). At the 291 

neural activity level, calcium signal in pIC neurons was increased during ethanol licking compared 292 

to the reference independently of the sex (Figure 5F, G, 2-way RM-ANOVA, sex factor 293 

F1, 10=1.593, p=0.2355, period factor F1, 10=7.708, p=0.0196, with no sex x period interaction 294 

F1, 10=0.3726, p=0.5552). Furthermore, in females, ethanol+quinine licking increased the calcium 295 

signal in pIC neurons compared to the reference. Moreover, pIC neurons activity during 296 

ethanol+quinine licking was higher in female compared to male mice (Figure 5H, I, 2-way RM-297 

ANOVA, sex factor F1, 10=8.368, p=0.0160, period factor F1, 10=12.98, p=0.0048, with a 298 

sex x period interaction F1, 10=5.026, p=0.0489). To control the specificity of the increase of pIC 299 

neuronal activity in female mice in response to persistent ethanol drinking, we performed fiber 300 

photometry recording during water and water+quinine licking. Independently of the sex, the 301 

calcium signal in pIC neurons increased during water licking compared to the reference (Figure 302 
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5J, K, 2-way RM-ANOVA, sex factor F1, 12=1.081, p=0.3189, period factor F1, 12=12.51, p=0.0041, 303 

without interaction F1, 12=3.316, p=0.0936). Similarly, independently of the sex, pIC neurons 304 

exhibited an increase of calcium signal during water+quinine licking compared to the reference 305 

(Figure 5L, M, 2-way RM-ANOVA, sex factor F1, 15=1.708, p=0.2109, period factor F1, 15=8.119, 306 

p=0.0122, without interaction F1, 15=0.4080, p=0.5326). 307 

 308 

DISCUSSION 309 

The goal of our study was to elucidate whether the aIC and pIC have sexually dimorphic function 310 

on ethanol binge drinking and persistent ethanol drinking despite bitter aversion in mice. First, we 311 

observed higher binge and persistent ethanol intake in females compared to males (Figure 3C-312 

F). Second, we demonstrated that, independently of sex, chemogenetic inhibition of aIC 313 

glutamatergic neurons reduced the intake of quinine adulterated solutions (e.g. ethanol and water, 314 

Figure 4B, D). In contrast, chemogenetic inhibition of pIC glutamatergic neurons reduced 315 

exclusively persistent ethanol drinking in females but not males (Figure 4G). Finally, pIC neuronal 316 

activity increases during ethanol, water and water+quinine drinking, independently of sex, 317 

(Figure 5F, G, J-M). However, pIC neuronal activity responses to persistent ethanol intake, 318 

specifically in females but not in males (Figure 5H, I). All together, these findings suggest a causal 319 

role of aIC glutamatergic neurons in bitter liquid drinking, and a sex-dependent function of pIC 320 

excitatory neurons in persistent ethanol drinking.  321 

Sex-dependent behavior on binge and persistent ethanol drinking  322 

Our results repeatedly showed a higher binge and persistent ethanol intake per body mass in 323 

females compared to males, independently of the estrous cycle, which is consistent and extend 324 

previous literature highlighting sex differences in drug addiction (58,59). Indeed, multiple 325 

preclinical studies also reported a higher binge (12,26,56) and persistent (12,27,60) ethanol intake 326 

per body mass in females, than in males. Importantly, to rule out any confound on sex-dependent 327 

aversion resistance for quinine, we adulterated the ethanol solution with 500 µM quinine, a 328 
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concentration for which both male and female mice have similar aversive threshold (61). 329 

Therefore, the sex differences observed in the consumption of ethanol adulterated with quinine is 330 

independent of the aversion sensitivity but driven toward the ethanol intake. 331 

Bitter taste processing in aIC excitatory neurons 332 

We demonstrated that inhibition of aIC glutamatergic neurons reduced the intake of solutions 333 

adulterated with quinine (e.g. ethanol or water) but did not alter binge ethanol intake. Our results 334 

support and extend Haaranen and al. study, which demonstrated that chemogenetic inhibition of 335 

aIC neurons had no effect on alcohol intake in alcohol-preferring male rats in a two-bottle choice 336 

model (53). However, it contrasts with previous literature demonstrating that chemogenetic 337 

manipulation of aIC neurons modulates alcohol binge drinking, although the results are divergent. 338 

Indeed, while silencing aIC neurons increased operant responses for alcohol (51), it decreased 339 

alcohol intake in a two-bottle choice paradigm (62). Altogether, these results suggest that aIC 340 

function in ethanol binge drinking might be dependent on the animal model used. Moreover, while 341 

we specifically manipulated aIC glutamatergic neurons, the studies cited previously manipulated 342 

all aIC mature neurons independently of their phenotype which could explain some discrepancy 343 

in the results observed.  344 

On the other hand, we demonstrated that aIC excitatory neurons play a role in bitter solution 345 

intake as shown by the reduction of ethanol and water adulterated with quinine consumption 346 

following aIC glutamatergic inhibition. These results extend previous findings demonstrating a 347 

reduction of ethanol+quinine intake in male mice compared to controls after inhibition of aIC 348 

neurons, as well as its projections to locus coeruleus or nucleus accumbens core (62,63). In 349 

addition, Chen and Lasek reported an increase expression of the neuronal activity marker cFos 350 

in the aIC after ethanol+quinine intake in male mice compared to water, ethanol and quinine 351 

drinking (64). Overall, these observations confirm the implication of aIC in quinine-adulterated 352 

ethanol drinking in males, and our study extends this finding to female mice. In regard to the role 353 

of aIC in water+quinine intake, the literature is more divergent. On one hand, inhibition or lesion 354 
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of the aIC respectively had no effect (65,66) or decreased (67) sensitivity to quinine, leading to 355 

an increase of the intake. On the other hand, activation of aIC neurons and its projection to 356 

basolateral amygdala also decreased quinine sensitivity (41,68). These findings contrast with our 357 

results where aIC excitatory inhibition reduced quinine intake. In our study, we chose not to water 358 

deprive our animals in order to observe behavioral responses as close as possible to physiological 359 

conditions. In contrast, in previously cited studies, animals were water deprived before quinine 360 

exposure which could have induced a physiological stress altering aIC response to quinine. 361 

 362 

Overall, these results suggest a potential role of aIC in bitter solution intake, however further 363 

investigations are necessary to sharpen our understanding of aIC neurons and its projections in 364 

aversive solutions consumption in males and females.  365 

Uncovering sex-dependent pIC function in persistent ethanol intake 366 

We demonstrated that inhibition of pIC glutamatergic neurons reduces persistent ethanol drinking 367 

only in females without altering ethanol, water, or water adulterated with quinine drinking. To our 368 

knowledge, these results are the first demonstration of a sex-dependent function of pIC neurons 369 

on persistent ethanol drinking. Using the two-bottle choice paradigm, a recent study showed a 370 

higher expression of the neuronal activity marker cFos in the pIC of males compared to females 371 

after ethanol+quinine intake (69). Importantly, in this study ethanol was adulterated with 100 µM 372 

of quinine. Previous reports suggests that females are not sensitive to ethanol adulterated with 373 

quinine at this concentration whereas males are (27) which could explain the discrepancy with 374 

our results where we used a concentration of quinine at 500 µM.  Furthermore, using an operant 375 

alcohol drinking model in male rats, pharmacological inactivation of pIC neurons reduces alcohol 376 

intake (54) while in our study, chemogenetic inhibition of pIC excitatory neurons did not change 377 

ethanol drinking nor in males neither in females. Several methodological aspects can, at least in 378 

part, support this discrepancy. First, operant and voluntary alcohol drinking could recruit different 379 
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neuronal circuits, second, the methods used for the neuronal inhibition (e.g. pharmacology vs 380 

chemogenetics) and the animal model used (e.g. rat vs mouse) were different. 381 

To rule out the possibility that pIC glutamatergic inhibition was due to non-selective effects of 382 

CNO, we performed multiple control experiments. Indeed, it has been shown that CNO can bind 383 

to non-DREADD targets, and does not cross the blood brain barrier. However, clozapine, a CNO 384 

metabolite, is reaching the brain and can also have multiple pharmacological targets which can 385 

induce several physiological and behavioral effects (70,71). In our control experiments, we found 386 

that CNO injection in mice expressing the control viral vector in pIC, had no effects on either liquid 387 

consumption (e.g. ethanol, ethanol+quinine or water) or locomotion. Furthermore, CNO injection 388 

in mice injecting with the viral vector carrying the gene coding for hM4Di also had no effect on 389 

locomotion. These results indicate first, that CNO does not have non-specific effects neither on 390 

drinking nor on locomotion and secondly, that the inhibition of pIC excitatory neurons did not affect 391 

locomotion. Overall, these results confirm that the behavioral effect of CNO on ethanol+quinine 392 

drinking is due to selective inhibition of pIC excitatory neurons. 393 

Functional sex differences in pIC coding properties of persistent ethanol drinking 394 

The chemogenetic manipulations demonstrated the necessity of pIC excitatory neurons to change 395 

persistent ethanol drinking in females, but these artificial manipulations do not reflect how pIC 396 

excitatory neurons encode this behavior. Thus, we performed in vivo fiber photometry recordings 397 

of pIC calcium signal and identified an increased activity of pIC glutamatergic neurons during 398 

ethanol licking, as well as water and water+quinine licking, independently of the sex. These results 399 

consolidate recent findings demonstrating that pIC excitatory neurons respond to water intake 400 

(72) which suggests that these neurons encode drinking behaviors in both males and females. 401 

Furthermore, pIC neuronal activity increased during water+quinine drinking, which is consistent 402 

with previous studies reporting that pIC neurons encode bitter taste, independently of the sex 403 

(43,73). In contrast, we decipher a sex-dependent pIC neuronal coding property in persistent 404 
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ethanol drinking with an increase of pIC excitatory neurons activity exclusively in females during 405 

ethanol adulterated with quinine drinking. Our results strengthen a recent study demonstrating 406 

that short ethanol exposure increases intrinsic excitability of pIC-BNST projection in female mice 407 

only (56) highlighting pIC glutamatergic neurons and their projections as one of the key regions 408 

supporting sex-dependent functions in alcohol-related behaviors. One limitation of our study is 409 

the manipulation and the recording of pIC excitatory neurons regardless of their outputs. The pIC 410 

is a highly wired region sending dense projections to several regions (43,74), including the central 411 

amygdala, a brain region highly involved in alcohol-related behaviors and supporting sex-412 

differences in alcohol intake (75–77). Therefore, future investigations will be crucial to understand 413 

the sex-dependent function of pIC neurons in alcohol-related behaviors at the circuit level.  414 

Conclusions 415 

To conclude, our study demonstrated that aIC and pIC have different roles in drinking behaviors. 416 

While aIC excitatory neuron inhibition decreases bitter-tastant solutions intake independently of 417 

mice sex, pIC glutamatergic neurons inhibition exclusively reduces persistent ethanol intake 418 

despite aversion in female mice. In line with this result, pIC glutamatergic neurons activity 419 

increased specifically in females during ethanol consumption despite bitter aversion. Our results 420 

provide a starting point to further characterize the role of pIC circuits in sex-dependent addictive-421 

related behaviors. 422 

ACKNOWLEDGEMENTS 423 

The authors acknowledge the entire Beyeler Lab. We thank Harold Haun and Irene Lorrai for their 424 

helpful feedback to set up the drinking in the dark model. We thank Guillaume Ferreira for 425 

interesting discussions. We thank Sara Laumond, Julie Tessaire and the technical staff of the 426 

animal housing facility of the Neurocentre Magendie (INSERM U1215) for their invaluable 427 

support. 428 

 429 

 430 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560817doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560817
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

FUNDING  431 

We acknowledge the support of the Région Nouvelle-Aquitaine, the 8Avenir program9 of the 432 

French institute of health (INSERM), the Fondation NRJ-Institut de France, the 8Agence nationale 433 

pour la recherche9 (ANR), and of the 8Fondation Schlumberger pour l9éducation et la recherche9 434 

(FSER) to AB. We are grateful for the support of the Fondation pour la recherche médicale (FRM) 435 

to AB and CN (ARF201909009147) as well as the 8ATIP program9 (CNRS) to CN. 436 

 437 

AUTHORSHIP CONTRIBUTIONS 438 

CF, CN and AB designed the study. CF, CGM, YC, CN and AB carried out the experiments and 439 

performed data analysis. PN wrote the custom Python code for fiber photometry analysis. CF, CN 440 

and AB wrote the manuscript. All authors critically reviewed the content and approved the final 441 

version before submission. 442 

 443 

DISCLOSURE 444 

The authors declare that they do not have any competing interests or conflicts of interest (financial 445 

or non-financial) related to the material presented in this manuscript. 446 

 447 

REFERENCES 448 

1. Crocq M-A, Guelfi J-D (2015): DSM-5: manuel diagnostique et statistique des troubles 449 

mentaux, 5e éd. Issy-les-Moulineaux: Elsevier Masson. 450 

2. Moos RH, Moos BS (2007): Treated and Untreated Alcohol-Use Disorders: Course and 451 

Predictors of Remission and Relapse. Eval Rev 31: 564–584. 452 

3. Koob GF, Volkow ND (2010): Neurocircuitry of Addiction. Neuropsychopharmacology 35: 453 

217–238. 454 

4. Organisation mondiale de la santé (Ed.) (2018): Global Status Report on Alcohol and Health 455 

2018. Geneva: World health organization. 456 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560817doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560817
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

 

5. Drinking Levels Defined | National Institute on Alcohol Abuse and Alcoholism (NIAAA) (n.d.): 457 

Retrieved September 21, 2023, from https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-458 

consumption/moderate-binge-drinking 459 

6. Gowin JL, Sloan ME, Stangl BL, Vatsalya V, Ramchandani VA (2017): Vulnerability for 460 

Alcohol Use Disorder and Rate of Alcohol Consumption. Am J Psychiatry 174: 1094–1101. 461 

7. Tavolacci M-P, Berthon Q, Cerasuolo D, Dechelotte P, Ladner J, Baguet A (2019): Does 462 

binge drinking between the age of 18 and 25 years predict alcohol dependence in adulthood? A 463 

retrospective case–control study in France. BMJ Open 9: e026375. 464 

8. Rhodes WA, Singleton E, McMillan TB, Perrino CS (2005): Does knowledge of college 465 

drinking policy influence student binge drinking? J Am Coll Health J ACH 54: 45–49. 466 

9. Thiele TE, Navarro M (2014): <Drinking in the dark= (DID) procedures: a model of binge-like 467 

ethanol drinking in non-dependent mice. Alcohol Fayettev N 48: 235–241. 468 

10. Wilcox MV, Cuzon Carlson VC, Sherazee N, Sprow GM, Bock R, Thiele TE, et al. (2014): 469 

Repeated binge-like ethanol drinking alters ethanol drinking patterns and depresses striatal 470 

GABAergic transmission. Neuropsychopharmacol Off Publ Am Coll Neuropsychopharmacol 39: 471 

579–594. 472 

11. Siciliano CA, Noamany H, Chang C-J, Brown AR, Chen X, Leible D, et al. (2019): A cortical-473 

brainstem circuit predicts and governs compulsive alcohol drinking. Science 366: 1008–1012. 474 

12. Sneddon EA, White RD, Radke AK (2019): Sex Differences in Binge-Like and Aversion-475 

Resistant Alcohol Drinking in C57BL/6J Mice. Alcohol Clin Exp Res 43: 243–249. 476 

13. Bauer MR, McVey MM, Boehm SL (2021): Three Weeks of Binge Alcohol Drinking 477 

Generates Increased Alcohol Front‐Loading and Robust Compulsive‐Like Alcohol Drinking in 478 

Male and Female C57BL/6J Mice. Alcohol Clin Exp Res 45: 650–660. 479 

14. Schuh KM, Sneddon EA, Nader AM, Muench MA, Radke AK (2022): Orbitofrontal cortex 480 

subregion inhibition during binge-like and aversion-resistant alcohol drinking. Alcohol 99: 1–8. 481 

15. Slade T, Chapman C, Swift W, Keyes K, Tonks Z, Teesson M (2016): Birth cohort trends in 482 

the global epidemiology of alcohol use and alcohol-related harms in men and women: 483 

systematic review and metaregression. BMJ Open 6: e011827. 484 

16. Grant BF, Chou SP, Saha TD, Pickering RP, Kerridge BT, Ruan WJ, et al. (2017): 485 

Prevalence of 12-Month Alcohol Use, High-Risk Drinking, and DSM-IV Alcohol Use Disorder in 486 

the United States, 2001-2002 to 2012-2013: Results From the National Epidemiologic Survey 487 

on Alcohol and Related Conditions. JAMA Psychiatry 74: 911–923. 488 

17. Ehlers CL, Gizer IR, Vieten C, Gilder A, Gilder DA, Stouffer GM, et al. (2010): Age at regular 489 

drinking, clinical course, and heritability of alcohol dependence in the San Francisco Family 490 

Study: a gender analysis. Am J Addict Am Acad Psychiatr Alcohol Addict 19: 101–110. 491 

18. Diehl A, Croissant B, Batra A, Mundle G, Nakovics H, Mann K (2007): Alcoholism in women: 492 

is it different in onset and outcome compared to men? Eur Arch Psychiatry Clin Neurosci 257: 493 

344–351. 494 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560817doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560817
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

19. Erol A, Karpyak VM (2015): Sex and gender-related differences in alcohol use and its 495 

consequences: Contemporary knowledge and future research considerations. Drug Alcohol 496 

Depend 156: 1–13. 497 

20. Eagon PK (2010): Alcoholic liver injury: Influence of gender and hormones. World J 498 

Gastroenterol WJG 16: 1377–1384. 499 

21. Green CA, Perrin NA, Polen MR (2004): Gender differences in the relationships between 500 

multiple measures of alcohol consumption and physical and mental health. Alcohol Clin Exp 501 

Res 28: 754–764. 502 

22. Strong MN, Yoneyama N, Fretwell AM, Snelling C, Tanchuck MA, Finn DA (2010): <Binge= 503 

drinking experience in adolescent mice shows sex differences and elevated ethanol intake in 504 

adulthood. Horm Behav 58: 82–90. 505 

23. Loi B, Colombo G, Maccioni P, Carai MAM, Franconi F, Gessa GL (2014): High alcohol 506 

intake in female Sardinian alcohol-preferring rats. Alcohol Fayettev N 48: 345–351. 507 

24. Priddy BM, Carmack SA, Thomas LC, Vendruscolo JCM, Koob GF, Vendruscolo LF (2017): 508 

Sex, strain, and estrous cycle influences on alcohol drinking in rats. Pharmacol Biochem Behav 509 

152: 61–67. 510 

25. Satta R, Hilderbrand ER, Lasek AW (2018): Ovarian Hormones Contribute to High Levels of 511 

Binge-Like Drinking by Female Mice. Alcohol Clin Exp Res 42: 286–294. 512 

26. Evans O, Rodríguez-Borillo O, Font L, Currie PJ, Pastor R (2020): Alcohol Binge Drinking 513 

and Anxiety-Like Behavior in Socialized Versus Isolated C57BL/6J Mice. Alcohol Clin Exp Res 514 

44: 244–254. 515 

27. Fulenwider HD, Nennig SE, Price ME, Hafeez H, Schank JR (2019): Sex Differences in 516 

Aversion-Resistant Ethanol Intake in Mice. Alcohol Alcohol 54: 345–352. 517 

28. Chuong V, Farokhnia M, Khom S, Pince CL, Elvig SK, Vlkolinsky R, et al. (n.d.): The 518 

glucagon-like peptide-1 (GLP-1) analogue semaglutide reduces alcohol drinking and modulates 519 

central GABA neurotransmission. JCI Insight 8: e170671. 520 

29. Gage GA, Muench MA, Jee C, Kearns DN, Chen H, Tunstall BJ (2023): Intermittent-access 521 

operant alcohol self-administration promotes binge-like drinking and drinking despite negative 522 

consequences in male and female heterogeneous stock rats. Neuropharmacology 235: 109564. 523 

30. Schramm-Sapyta NL, Francis R, MacDonald A, Keistler C, O9Neill L, Kuhn CM (2014): 524 

Effect of sex on ethanol consumption and conditioned taste aversion in adolescent and adult 525 

rats. Psychopharmacology (Berl) 231: 1831–1839. 526 

31. Cailhol S, Mormède P (2001): Sex and Strain Differences in Ethanol Drinking: Effects of 527 

Gonadectomy. Alcohol Clin Exp Res 25: 594–599. 528 

32. Venniro M, Caprioli D, Zhang M, Whitaker LR, Zhang S, Warren BL, et al. (2017): The 529 

anterior insular cortex→central amygdala glutamatergic pathway is critical to relapse after 530 

contingency management. Neuron 96: 414-427.e8. 531 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560817doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560817
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

33. Ghareh H, Alonso-Lozares I, Schetters D, Herman RJ, Heistek TS, Van Mourik Y, et al. 532 

(n.d.): Role of anterior insula cortex in context-induced relapse of nicotine-seeking. eLife 11: 533 

e75609. 534 

34. Nicolas C, Tauber C, Lepelletier F-X, Chalon S, Belujon P, Galineau L, Solinas M (2017): 535 

Longitudinal Changes in Brain Metabolic Activity after Withdrawal from Escalation of Cocaine 536 

Self-Administration. Neuropsychopharmacology 42: 1981–1990. 537 

35. Campbell EJ, Flanagan JPM, Walker LC, Hill MKRI, Marchant NJ, Lawrence AJ (2019): 538 

Anterior Insular Cortex is Critical for the Propensity to Relapse Following Punishment-Imposed 539 

Abstinence of Alcohol Seeking. J Neurosci 39: 1077–1087. 540 

36. Campbell EJ, Lawrence AJ (2021): It9s more than just interoception: The insular cortex 541 

involvement in alcohol use disorder. J Neurochem 157: 1644–1651. 542 

37. Pina MM, Pati D, Neira S, Taxier LR, Stanhope CM, Mahoney AA, et al. (2023): Insula 543 

Dynorphin and Kappa Opioid Receptor Systems Regulate Alcohol Drinking in a Sex-Specific 544 

Manner in Mice. J Neurosci 43: 5158–5171. 545 

38. Myrick H, Anton RF, Li X, Henderson S, Drobes D, Voronin K, George MS (2004): 546 

Differential Brain Activity in Alcoholics and Social Drinkers to Alcohol Cues: Relationship to 547 

Craving. Neuropsychopharmacology 29: 393–402. 548 

39. Ihssen N, Cox WM, Wiggett A, Fadardi JS, Linden DEJ (2011): Differentiating Heavy from 549 

Light Drinkers by Neural Responses to Visual Alcohol Cues and Other Motivational Stimuli. 550 

Cereb Cortex 21: 1408–1415. 551 

40. Chung T, Clark DB (2014): Insula White Matter Volume Linked to Binge Drinking Frequency 552 

Through Enhancement Motives in Treated Adolescents. Alcohol Clin Exp Res 38: 1932–1940. 553 

41. Peng Y, Gillis-Smith S, Jin H, Tränkner D, Ryba NJP, Zuker CS (2015): Sweet and bitter 554 

taste in the brain of awake behaving animals. Nature 527: 512–515. 555 

42. Méndez-Ruette M, Linsambarth S, Moraga-Amaro R, Quintana-Donoso D, Méndez L, 556 

Tamburini G, et al. (2019): The Role of the Rodent Insula in Anxiety. Front Physiol 10: 330. 557 

43. Nicolas C, Ju A, Wu Y, Eldirdiri H, Delcasso S, Couderc Y, et al. (2023): Linking emotional 558 

valence and anxiety in a mouse insula-amygdala circuit. Nat Commun 14: 5073. 559 

44. Grodin EN, Cortes CR, Spagnolo PA, Momenan R (2017): Structural deficits in salience 560 

network regions are associated with increased impulsivity and compulsivity in alcohol 561 

dependence. Drug Alcohol Depend 179: 100–108. 562 

45. Senatorov VV, Damadzic R, Mann CL, Schwandt ML, George DT, Hommer DW, et al. 563 

(2015): Reduced anterior insula, enlarged amygdala in alcoholism and associated depleted von 564 

Economo neurons. Brain 138: 69–79. 565 

46. Makris N, Oscar-Berman M, Jaffin SK, Hodge SM, Kennedy DN, Caviness VS, et al. (2008): 566 

Decreased Volume of the Brain Reward System in Alcoholism. Biol Psychiatry 64: 192–202. 567 

47. Thompson BL, Maleki N, Kelly JF, Sy KTL, Oscar-Berman M (2021): Brain, behavioral, 568 

affective, and sex correlates of recovery from alcohol use disorders. Alcohol Clin Exp Res 45: 569 

1578–1595. 570 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560817doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560817
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

48. Halcomb ME, Chumin EJ, Goñi J, Dzemidzic M, Yoder KK (2019): Aberrations of anterior 571 

insular cortex functional connectivity in nontreatment-seeking alcoholics. Psychiatry Res 572 

Neuroimaging 284: 21–28. 573 

49. Manuweera T, Kisner MA, Almira E, Momenan R (2022): Alcohol use disorder-associated 574 

structural and functional characteristics of the insula. J Neurosci Res 100: 2077–2089. 575 

50. Galandra C, Basso G, Manera M, Crespi C, Giorgi I, Vittadini G, et al. (2018): Salience 576 

network structural integrity predicts executive impairment in alcohol use disorders. Sci Rep 8: 577 

14481. 578 

51. Jaramillo AA, Randall PA, Stewart S, Fortino B, Van Voorhies K, Besheer J (2018): 579 

Functional role for cortical-striatal circuitry in modulating alcohol self-administration. 580 

Neuropharmacology 130: 42–53. 581 

52. Haaranen M, Schäfer A, Järvi V, Hyytiä P (2020): Chemogenetic Stimulation and Silencing 582 

of the Insula, Amygdala, Nucleus Accumbens, and Their Connections Differentially Modulate 583 

Alcohol Drinking in Rats. Front Behav Neurosci 14: 580849. 584 

53. Haaranen M, Scuppa G, Tambalo S, Järvi V, Bertozzi SM, Armirotti A, et al. (2020): Anterior 585 

insula stimulation suppresses appetitive behavior while inducing forebrain activation in alcohol-586 

preferring rats. Transl Psychiatry 10: 150. 587 

54. Pushparaj A, Le Foll B (2015): Involvement of the caudal granular insular cortex in alcohol 588 

self-administration in rats. Behav Brain Res 293: 203–207. 589 

55. Haggerty DL, Munoz B, Pennington T, Viana Di Prisco G, Grecco GG, Atwood BK (2022): 590 

The role of anterior insular cortex inputs to dorsolateral striatum in binge alcohol drinking. eLife 591 

11: e77411. 592 

56. Marino RAM, Girven KS, Figueiredo A, Navarrete J, Doty C, Sparta DR (2021): Binge 593 

ethanol drinking associated with sex-dependent plasticity of neurons in the insula that project to 594 

the bed nucleus of the stria terminalis. Neuropharmacology 196: 108695. 595 

57. Zhang Z-M, Chen S, Liang Y-Z (2010): Baseline correction using adaptive iteratively 596 

reweighted penalized least squares. The Analyst 135: 1138. 597 

58. Nicolas C, Russell TI, Pierce AF, Maldera S, Holley A, You Z-B, et al. (2019): Incubation of 598 

Cocaine Craving After Intermittent-Access Self-administration: Sex Differences and Estrous 599 

Cycle. Biol Psychiatry 85: 915–924. 600 

59. Nicolas C, Zlebnik NE, Farokhnia M, Leggio L, Ikemoto S, Shaham Y (2022): Sex 601 

Differences in Opioid and Psychostimulant Craving and Relapse: A Critical Review ((M. Nader, 602 

editor)). Pharmacol Rev 74: 119–140. 603 

60. Martins de Carvalho L, Chen H, Sutter M, Lasek AW (2023): Sexually dimorphic role for 604 

insular perineuronal nets in aversion-resistant alcohol consumption. Front Psychiatry 14: 605 

1122423. 606 

61. Sneddon EA, Ramsey OR, Thomas A, Radke AK (2020): Increased Responding for Alcohol 607 

and Resistance to Aversion in Female Mice. Alcohol Clin Exp Res 44: 1400–1409. 608 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560817doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560817
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

 

62. De Oliveira Sergio T, Lei K, Kwok C, Ghotra S, Wegner SA, Walsh M, et al. (2021): The role 609 

of anterior insula–brainstem projections and alpha-1 noradrenergic receptors for compulsion-like 610 

and alcohol-only drinking. Neuropsychopharmacology 46: 1918–1926. 611 

63. Seif T, Chang S-J, Simms JA, Gibb SL, Dadgar J, Chen BT, et al. (2013): Cortical activation 612 

of accumbens hyperpolarization-active NMDARs mediates aversion-resistant alcohol intake. Nat 613 

Neurosci 16: 1094–1100. 614 

64. Chen H, Lasek AW (2020): Perineuronal nets in the insula regulate aversion-resistant 615 

alcohol drinking. Addict Biol 25: e12821. 616 

65. Wu Y, Chen C, Chen M, Qian K, Lv X, Wang H, et al. (2020): The anterior insular cortex 617 

unilaterally controls feeding in response to aversive visceral stimuli in mice. Nat Commun 11: 618 

640. 619 

66. Hashimoto K, Spector AC (2014): Extensive Lesions in the Gustatory Cortex in the Rat Do 620 

Not Disrupt the Retention of a Presurgically Conditioned Taste Aversion and Do Not Impair 621 

Unconditioned Concentration-Dependent Licking of Sucrose and Quinine. Chem Senses 39: 622 

57–71. 623 

67. Bales MB, Schier LA, Blonde GD, Spector AC (2015): Extensive Gustatory Cortex Lesions 624 

Significantly Impair Taste Sensitivity to KCl and Quinine but Not to Sucrose in Rats ((S. A. 625 

Simon, editor)). PLOS ONE 10: e0143419. 626 

68. Wang L, Gillis-Smith S, Peng Y, Zhang J, Chen X, Salzman CD, et al. (2018): The coding of 627 

valence and identity in the mammalian taste system. Nature 558: 127–131. 628 

69. Arnold ME, Butts AN, Erlenbach TR, Amico KN, Schank JR (2023): Sex differences in 629 

neuronal activation during aversion-resistant alcohol consumption. Alcohol Clin Exp Res 47: 630 

240–250. 631 

70. Gomez JL, Bonaventura J, Lesniak W, Mathews WB, Sysa-Shah P, Rodriguez LA, et al. 632 

(2017): Chemogenetics revealed: DREADD occupancy and activation via converted clozapine. 633 

Science 357: 503–507. 634 

71. Manvich DF, Webster KA, Foster SL, Farrell MS, Ritchie JC, Porter JH, Weinshenker D 635 

(2018): The DREADD agonist clozapine N-oxide (CNO) is reverse-metabolized to clozapine and 636 

produces clozapine-like interoceptive stimulus effects in rats and mice. Sci Rep 8: 3840. 637 

72. Zhao Z, Soria-Gómez E, Varilh M, Covelo A, Julio-Kalajzić F, Cannich A, et al. (2020): A 638 

Novel Cortical Mechanism for Top-Down Control of Water Intake. Curr Biol 30: 4789-4798.e4. 639 

73. Chen X, Gabitto M, Peng Y, Ryba NJP, Zuker CS (2011): A Gustotopic Map of Taste 640 

Qualities in the Mammalian Brain. Science 333: 1262–1266. 641 

74. Gogolla N (2017): The insular cortex. Curr Biol CB 27: R580–R586. 642 

75. Tunstall BJ, Kirson D, Zallar LJ, McConnell SA, Vendruscolo JCM, Ho CP, et al. (2019): 643 

Oxytocin blocks enhanced motivation for alcohol in alcohol dependence and blocks alcohol 644 

effects on GABAergic transmission in the central amygdala. PLoS Biol 17: e2006421. 645 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560817doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560817
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

76. de Guglielmo G, Crawford E, Kim S, Vendruscolo LF, Hope BT, Brennan M, et al. (2016): 646 

Recruitment of a Neuronal Ensemble in the Central Nucleus of the Amygdala Is Required for 647 

Alcohol Dependence. J Neurosci 36: 9446–9453. 648 

77. Agoglia AE, Zhu M, Quadir SG, Bluitt MN, Douglass E, Hanback T, et al. (2022): Sex‐649 

specific plasticity in CRF regulation of inhibitory control in central amygdala CRF1 neurons after 650 

chronic voluntary alcohol drinking. Addict Biol 27: e13067. 651 

 652 

 653 

 654 

 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

 669 

 670 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560817doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560817
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

 

671 

Figure 1. Validation of the drinking in the dark model. (A) Experimental timeline of binge ethanol 672 

exposure according to the drinking in the dark procedure. Blood was sampled after 2 hours of 673 

session at day 18 and after 30 minutes of session at day 22. (B, C) Average of ethanol intake (B) 674 

and blood ethanol concentration (C) after a 2 hours of ethanol binge drinking (day 18) in male and 675 

female mice. The red dashed line represents the intoxication threshold of 80 mg/dL of ethanol in 676 

blood. (D) Proportion of ethanol intake during the first 30 minutes and last 90 minutes of a 2-hour 677 

session. (E, F) Average of ethanol intake (E) and blood ethanol concentration (F) after 30 minutes 678 

of session (day 22) in male and female mice. Data are shown as mean ± SEM. *p<0.05 679 

***p<0.001. 680 
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 685 

Figure 2. Experimental approach for chemogenetic manipulation of anterior (aIC) and posterior 686 

(pIC) insular cortex neurons during drinking in the dark procedure. (A) Experimental design to 687 

inhibit aIC and pIC excitatory neurons. A viral vector carrying the gene coding for the inhibitory 688 

receptor hM4Di fused to the fluorescent reporter mCherry, or the control virus, containing only the 689 

gene for mCherry, was bilaterally injected in the aIC or pIC. (B) Behavioral timeline during the 690 

drinking in the dark procedure. (C) Representative images of the chemogenetic viral vector 691 

expression in the aIC (left) and the pIC (right) neurons. The mouse brain atlas delineation has 692 

been overlaid to the image, with the borders of the aIC and pIC in bold. 693 

 694 

 695 

 696 

 697 

 698 

 699 
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 700 

Figure 3. Sexual dimorphism of binge and persistent ethanol drinking. (A, B) Kinetic (A) and 701 

average (B) of water intake during cycle 0 in male and female mice. (C, D) Kinetic (C) and average 702 

(D) of ethanol intake (binge drinking) during cycle 1 and 2 in male and female mice. (E, F) Kinetic 703 

(E) and average (F) of ethanol+quinine intake (persistent drinking) during cycle 3 in male and 704 

female mice. (G) Kinetic of water+quinine (water+Q) and ethanol+quinine (EtOH+Q) intake in 705 

males and females. # p<0.05 compared to day 39. (H) Comparison of water and ethanol 706 

adulterated with quinine intake during the last session exposure in male and female mice. Data 707 

are shown as mean ± SEM. ***p<0.001 represent significant t-test and main effect of 2-way 708 

ANOVA. ##p<0.01 ###p<0.001 represent significant Bonferroni post-hoc test. 709 

 710 

 711 

 712 

 713 
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 714 

Figure 4. Chemogenetic inhibition of anterior (aIC) or posterior (pIC) insular cortex excitatory 715 

neurons during binge and persistent ethanol intake. (A) Average of ethanol intake during 716 

chemogenetic manipulation of the aIC glutamateric neurons at day 18 in males and females. (B) 717 

Average of ethanol+quinine intake during chemogenetic manipulation of the aIC at day 25, in 718 

males and females. (C) Average of water intake during chemogenetic manipulation of the aIC at 719 

day 29, in males and females. (D) Average of water+quinine intake during chemogenetic 720 

manipulation of the aIC at day 29, in male and female mice. (E) Average of total distance traveled 721 

in an open field over 15 minutes. (F) Average of ethanol intake during chemogenetic manipulation 722 

of the pIC neurons at day 18, in males and females. (G) Average of ethanol+quinine intake during 723 

chemogenetic manipulation of the pIC neurons at day 25, in males and females. (H) Average of 724 

water intake during chemogenetic manipulation of the pIC neurons at day 29, in males and 725 

females. (I) Average of water+quinine intake during chemogenetic manipulation of the pIC 726 

neurons day 29, in an independent group of male and female mice. (J) Average of total distance 727 

traveled in an open field over 15 minutes. Data are shown as mean ± SEM. **p<0.01 ***p<0.001 728 
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represent significant main effect of 2-way ANOVA. #p<0.05 represents significant Bonferroni post-729 

hoc test. 730 

 731 

Figure 5. Coding properties of posterior insular cortex (pIC) excitatory neurons during binge and 732 

persistent ethanol drinking. (A) Viral strategy to record calcium changes in pIC excitatory neurons. 733 

A viral vector carrying the gene coding for the calcium sensor GCaMP6f was injected unilaterally 734 

in the pIC. (B) Representative image of GCaMP6f expression in pIC excitatory neurons. The 735 

mouse brain atlas delineation has been overlaid to the image, with the borders of the pIC in bold. 736 

(C) Housing conditions during photometry recordings to synchronize calcium signal and licking 737 
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behavior. (D) Average of ethanol intake during all binge-drinking sessions except the recording 738 

day (day 32) in male and female mice. (E) Average of ethanol+quinine intake during all persistent 739 

drinking sessions except the recording day (day 46) in male and female mice. (F) Peri-ethanol 740 

licking time course of the calcium signal in pIC glutamatergic neurons in males and females. (G) 741 

Average of calcium signal in pIC glutamatergic neurons during reference and ethanol licking, in 742 

both sexes. (H) Peri-ethanol+quinine licking time course of the calcium signal in pIC glutamatergic 743 

neurons in male and female mice. (I) Average calcium signal in pIC glutamatergic neurons during 744 

reference and ethanol+quinine licking, in both sexes. (J) Peri-water licking time course of the 745 

calcium signal recorded from pIC glutamatergic neurons in males and females. (K) Average of 746 

calcium signal from pIC glutamatergic neurons during reference and water licking in both sexes. 747 

(L) Peri-water+quinine licking time course of the calcium signal from pIC glutamatergic neurons, 748 

in male and female mice. (M) Average of calcium signal from pIC glutamatergic neurons during 749 

reference and water+quinine licking, in both sexes. Data are shown as mean ± SEM. *p<0.05 750 

**p<0.01 represent significant t-test and main effect of 2-way ANOVA. ##p<0.01 represents 751 

significant Bonferroni post-hoc test. 752 
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