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Abstract

BACKGOUND—Alcohol Use Disorders (AUDs) are devastating and poorly treated, and 

innovative targets are actively sought for prevention and treatment. The orphan G protein-coupled 

receptor GPR88 is enriched in mesocorticolimbic pathways, and Gpr88 knockout mice show 

hyperactivity and risk-taking behavior, but a potential role for this receptor in drug abuse has not 

been examined.
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METHODS—We tested Gpr88 knockout mice for alcohol drinking and seeking behaviors. To 

gain system-level understanding of their alcohol endophenotype, we also analyzed whole-brain 

functional connectivity (FC) in naïve mice using resting-state functional magnetic resonance 

imaging.

RESULTS—Gpr88 knockout mice showed increased voluntary alcohol drinking at both moderate 

and excessive levels, with intact alcohol sedation and metabolism. Mutant mice also showed 

increased operant responding and motivation for alcohol, while food and chocolate operant self-

administration were unchanged. Alcohol place conditioning and alcohol-induced dopamine release 

in the nucleus accumbens (NAC) were decreased, suggesting reduced alcohol reward in mutant 

mice that may partly explain enhanced alcohol drinking. Seed-based voxelwise FC analysis 

revealed significant remodeling of mesocorticolimbic centers, whose hallmark was predominant 

weakening of prefrontal cortex, ventral tegmental area (VTA) and amygdala (AMY) connectional 

patterns. Also, effective connectivity from VTA to NAC and AMY was reduced.

CONCLUSION—Gpr88 deletion disrupts executive, reward and emotional networks in a 

configuration that reduces alcohol reward and promotes alcohol seeking and drinking. The FC 

signature is reminiscent of alterations observed in individuals at-risk for AUDs. The Gpr88 gene, 

therefore, may represent a vulnerability/resilience factor for AUDs, and a potential drug target for 

AUDs treatment.
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INTRODUCTION

Alcohol use disorders (AUDs) are chronic relapsing disorders, characterized by excessive 

alcohol drinking and loss of control over consumption, and have dramatic consequences for 

individuals’ health and productivity, their families and society. Only few treatments are 

available (1–3), which target glutamatergic, GABAergic, dopaminergic or the opioid system, 

and efficacy is low and variable, and the search for novel therapeutic strategies is largely 

open. AUDs are multifactorial conditions involving both population-level (cultural and 

societal factors) (4) and individual-level (genetics) (5) characteristics, and family studies 

demonstrate that AUDs are partly heritable with genetics explaining 50–60% of phenotypic 

variability (6). Accordingly, neuroimaging studies show premorbid differences in brain 

structure and function for individuals with AUD family history considered at risk for AUDs 

(7). Overall AUDs show high heterogeneity (8) and psychiatric co-morbidity (9) and 

innovative biomarkers and drug targets are actively sought to address vulnerability factors 

and prevention, and to develop effective personalized treatments (8–10). In rodent research, 

gene knockout approaches have identified a number of genes that causally contribute to 

alcohol drinking-related behaviors (11, 12). Here we demonstrate that the Gpr88 gene, 

which encodes an orphan G protein-coupled receptor (13) expressed only in the brain 

(GPR88, no known native ligand) is a novel target for alcohol research.
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At the neurobiological level, alcohol acts as a complex drug that modifies the activity of 

multiple molecular targets, and triggers broad alterations of gene expression and synaptic 

plasticity in neural networks responsible for reward, mood and decision-making (12, 14, 15). 

Remarkably, Gpr88 is essentially expressed in these brain circuits (16). The Gpr88 transcript 

is most enriched in the striatum of both rodent (17) and human (18) brains, and also in 

central amygdala (19, 20) and cortex (21) although with lower density. Gpr88 transcript 

levels are altered upon pharmacological treatment using antidepressants (22) and mood 

stabilizers (23, 24), as well as chronic exposure to drugs of abuse, including alcohol (25). To 

our knowledge however, a potential role of this receptor in drug consumption, seeking and 

dependence has not been examined.

Functional studies of GPR88 have used genetic approaches, as GPR88 drugs (26, 27) with 

effective in vivo activity are lacking. Gpr88 gene knockout in the mouse leads to a range of 

phenotypes consistent with the strong striatal GPR88 expression. In brief, these include 

altered dopamine signaling and enhanced medium spiny neuron excitability, increased basal 

activity and locomotor responses to psychostimulants, increased stereotypies and motor 

coordination deficits, as well as altered cue-based and procedural learning (28–30). 

Sensorimotor gating (28) and sensory processing (18) deficits are also observed in Gpr88 
knockout mice, possibly related to cortical GPR88 expression. Finally, these mutant mice 

display reduced anxiety-related responses together with increased approach behaviors, 

leading to a risk-taking phenotype (30), perseverative (30) and compulsive-like behavior 

(our unpublished data). In sum, the Gpr88 expression pattern overlapping brain networks of 

addiction, and the phenotypic traits of Gpr88 knockout mice involving dysfunctional 

motivation, mood regulation and higher-order integration, prompted us to hypothesize that 

GPR88 may contribute to alcohol drinking behaviors.

In this report, we show that deletion of the Gpr88 gene leads to enhanced alcohol drinking 

and seeking behaviors. Tackling mechanisms underlying this behavior, we next show lower 

alcohol-induced conditioned place preference associated to reduced augmentation of 

extracellular dopamine levels by alcohol in the nucleus accumbens (NAC), suggesting that 

alcohol reward is decreased in mutant mice. Extending our study to the broader circuits of 

addiction, using resting-state functional Magnetic Resonance Imaging (rs-fMRI) in live 

animals, we finally demonstrate altered functional connectivity within the mesocorticolimbic 

circuitry of live knockout mice, in a pattern reminiscent to network alterations observed in 

individuals at risk for AUDs. Together, our data identify a circuit mechanism subserving 

GPR88-regulated alcohol drinking and strongly suggest that deficient GPR88 signaling is a 

risk factor for AUDs.

MATERIAL AND METHODS

Mice

Male Gpr88−/− mice were produced as previously described (30) (more details in 

Supplementary Information)
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Drugs and treatments

See Supplementary Information.

Behavioral procedures

Two-bottle choice – continuous and intermittent access was performed as reported 

previously (31, 32) and measures of sucrose, quinine and saccharin consumption are 

described in Supplementary Information. Blood alcohol concentrations (BACs) were 

measured as described in (33) and details are in Supplementary Information. Loss of 

Righting Reflex (LORR), operant behavior to obtain alcohol, chocolate pellets and food as 

well as conditioned place preference are described in Supplementary Information.

In vivo microdialysis

Microdialysis was performed as described previously (34).

Resting-state functional Magnetic Resonance Imaging (Rs-fMRI)

MRI data acquisition and Resting-state functional MRI analysis were conducted as 

described in (35, 36) and effective connectivity (FC) analysis as in (37). Detailed methods 

for both the mouse experiment and human data analysis are provided in Supplementary 

Methods.

RESULTS

Deletion of Gpr88 increases voluntary alcohol consumption

We first measured the level of moderate voluntary alcohol intake in Gpr88 knockout 

(Gpr88−/−) mice and their wild-type littermates (Gpr88+/+) using a 10 % alcohol continuous 

access two-bottle-choice drinking paradigm in the home cage. Deletion of the Gpr88 gene 

increased daily alcohol consumption compared to Gpr88+/+ mice (Figure 1A, left panel, see 

statistics in Supplementary Table S1). The mean daily alcohol intake during the entire 

experiment was also significantly higher in mutant mice (Figure 1A right panel, 39.9 % p < 

0.001). Water intake was comparable in both groups (Figure 1B).

Next, we used a 20 % alcohol intermittent two-bottles-choice drinking procedure to test 

whether the Gpr88 gene deletion also alters excessive alcohol intake, a hallmark of AUDs. 

This procedure led to enhance the mean daily alcohol intake in both GPR88−/− (76.3%) and 

GPR88+/+ (57 %) compared to a moderate dose in the procedure and this increase was more 

pronounced in Gpr88−/− mice. For Figure 1C left panel, see statistics in Supplementary 

Table S1. Over the entire experiment, the mean daily alcohol intake was also significantly 

higher in Gpr88−/− mice compared to Gpr88+/+ controls (Figure 1C right panel, 63.3 % p < 

0.001). Finally, similar to our finding for moderate drinking, no difference in water 

consumption was found across genotypes (Figure 1D). These results together demonstrate 

that the Gpr88 gene deletion increases both moderate and excessive voluntary alcohol 

drinking. Heterozygous Gpr88 mice (Gpr88+/−) were also evaluated in the 20 % alcohol 

intermittent two-bottles-choice drinking procedure. We found increased alcohol 

consumption similar to total Gpr88−/− mice (Supplementary Figure S1A–B) indicating that a 

partial deletion of Gpr88 is sufficient to alter the alcohol-drinking behavior.
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Finally, we found that sucrose intake (Supplementary Figure S1C), taste palatability (Figure 

1E–F), sedative alcohol effects (Figure 1G), alcohol metabolism (Figure 1H) and body 

weights (Supplementary Figure S1D) are comparable in mutant and control groups (details 

in Supplementary Information), suggesting that higher alcohol consumption in Gpr88 
knockout mice is mostly due to enhanced appetitive properties of alcohol (38).

Deletion of Gpr88 increases alcohol operant seeking and motivation

To test this, we examined both drug seeking (lever press) and taking (licks) using operant 

alcohol self-administration (SA; see Figure 2A and Supplementary Table S2 for statistical 

analysis). Gpr88−/− mice and their controls were first subjected to a saccharine fading 

procedure. When alcohol concentration reached 10%, saccharine was omitted and alcohol 

SA was examined under FR3 (sessions 36–40) and FR5 (sessions 41–46) schedules of 

reinforcement. During these sessions, Gpr88−/− mice made a significantly higher number of 

lever presses for alcohol on the active lever compared to Gpr88+/+ controls in both FR 

schedules (Figure 2C left panel, FR3: t(18) = 2.0, p = 0.05; FR5: t(18) = 2.4, p < 0.05). In 

accordance to previous findings of hyperactivity (28–30), Gpr88−/− mice also showed 

increased activity on the inactive lever in both FR schedules (Figure 2C right panel, FR3: 

t(18) = 3.6, p < 0.01; FR5: t(18) = 3.2, p < 0.01), although level of responding remained 

substantially lower than for the active level. Importantly also, when tested for self-

administration of 10% alcohol (sessions 36–46) mutant mice showed increased number of 

licks compared to control counterparts in both FR schedules (Figure 2E, FR3: t(18) = 1.7, p = 

0.1; FR5: t(18) = 2.2, p < 0.05), leading to more alcohol consumption and indicating that 

both seeking and taking were increased.

The observation of both higher lever-pressing and licking in mutant mice led us to 

hypothesize a stronger motivation for alcohol drinking. To test this, we conducted a 

progressive ratio (PR) schedule of reinforcement session. Gpr88−/− mice showed a 

significantly higher breaking point compared to controls (Figure 2F, t(18) = 1.7, p < 0.05), 

demonstrating that motivation to obtain the alcohol reward is enhanced in mutant mice.

Next, we examined whether the alcohol phenotype is substance-specific. Gpr88−/− mice 

were measured for operant responding for food under FR1 schedule and for highly palatable 

chocolate-flavored pellets under FR1, FR3 and FR5 schedules. The criteria for acquisition of 

food operant responding were reached upon the same number of sessions in both genotypes 

(Figure 2G). In addition, knockout animals acquired and maintained operant responding for 

food (Figure 2H) and chocolate pellets (Figure 2I and Supplementary Figure S2) similarly to 

control animals. Motivation for natural rewards as measured in PR training was also 

preserved in Gpr88−/− mice (Figure 2J). These data suggest that the general motivational 

state of mutant animals remains unchanged.

In conclusion, operant SA experiments reveal that deletion of the Gpr88 gene increases 

incentive properties of alcohol, and that this phenotype is not generalizable to all appetitive 

substances.
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Deletion of Gpr88 decreases alcohol-induced reward

To understand mechanisms underlying increased alcohol seeking and drinking, we examined 

whether rewarding properties of alcohol are altered in mutant mice using alcohol-induced 

conditioned place preference (CPP) (39) (Figure 3A). No side preference was observed for 

any genotype during conditioning (data not shown). After conditioning, CPP scores differed 

between mutant and control animals. Two-way ANOVA revealed a significant effect of 

genotype (F(1,46) = 6.8, p < 0.05) and treatment (F(1,46) = 17.7, p < 0.001) and no significant 

interaction (F(1,46) = 0.76, p = 0.39). Despite the lack of interaction in the more stringent 

analysis, planned comparison analysis showed that both Gpr88+/+ (t(21) = 3.7, p < 0.01) and 

Gpr88−/− mice (t(25) = 2.5, p < 0.05) showed a significant alcohol-induced CPP and that 

mutant mice spent less time in the alcohol-paired compartment than wild-type littermates 

(t(23) = 2.4, p <0.05). These data indicate that mutant mice show reduced development 

and/or expression of alcohol CPP, an indicator of reduced alcohol reward.

Drug reward is typically associated with drug-induced dopamine (DA) release in the NAC. 

We therefore tested consequences of the Gpr88 gene deletion on basal and alcohol-enhanced 

extracellular levels of NAC DA (Figure 3B) in response to two alcohol doses (1.8 and 3.2 g/

kg). The mean baseline dialysate DA concentration was not significantly different between 

the groups (Gpr88+/+ 0.098±0.014 nM, Gpr88−/− 0.102±0.022 nM) and systemic injection of 

saline did not alter DA for any group (Gpr88+/+ 0.081±0.008 nM; Gpr88−/− 0.085±0.007 

nM). Alcohol administration increased extracellular DA in both Gpr88−/− and Gpr88+/+ 

mice. Notably however, Gpr88−/− mice exhibited significantly lower DA-elevating response 

to the high alcohol dose, and areas under the curve for cumulative dialysates following 

alcohol injection (inserts for Figure 3B) showed lower increase of DA levels in mutant mice 

for the two alcohol doses (see complete statistical analysis in Supplemental Table 3).

Together, the significant reduction of both alcohol place conditioning and NAC DA response 

to alcohol strongly suggests that alcohol reward is diminished in mutant mice, a mechanism 

that could contribute partly to their enhanced alcohol consumption.

Deletion of Gpr88 weakens functional connectivity of the mesocorticolimbic circuitry

In addition to their alcohol phenotype, Gpr88 knockout mice show a number of other 

behavioral deficits (28–30). Most likely therefore, reduced alcohol reward is not the only 

mechanism underlying high alcohol seeking and taking in these animals. To gain a broader 

circuit-level view of brain function deficits, which may lead to the high alcohol-drinking 

phenotype, we compared the functional connectivity (FC) patterns of key mesocorticolimbic 

players in live mutant mice and their controls (Figure 4).

Resting-state (Rs) functional resonance magnetic imaging (fMRI) is based on the statistical 

analysis of low-frequency fluctuations in blood-oxygenation-level-dependent signals at rest 

(40), and is now highly used in human research emotional responses. We have adapted 

RsfMRI to mice (41), and our initial data-driven analysis of mice lacking the mu opioid 

receptor gene revealed major reshaping of reward/aversion networks (35), consistent with 

the known role of this receptor in pain and drug abuse. Very recently, we also used Rs-fMRI 

to compare whole brain FC of Gpr88−/− and Gpr88+/+ mice (36) and here, we further 
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analyzed the Rs-fMRI datasets using seed-based analysis with a focus on key 

mesocorticolimbic centers(16), and mapped their connectivity patterns across the whole 

brain.

We selected four seeds most relevant to the high alcohol seeking and drinking behavior of 

mutant mice. These include the prefrontal cortex (PFC) as a key center for executive 

functions, the ventral tegmental area (VTA) and NAC considered the core of reward 

circuitry, and the amygdala (AMY) central to mood. RsFC data from Gpr88−/− and Gpr88+/+ 

mice were acquired and preprocessed as described previously (35) (and see methods). 

Bilateral seeds were anatomically defined by co-registration with the Allen Mouse Brain 

Atlas and voxelwise seed-based correlation analysis was conducted for each seed. The 

correlation maps revealed well-detectable cortical and sub-cortical rsFC modifications in the 

Gpr88−/− group for PFC, VTA and AMY while group differences for the NAC seed were 

less obvious (Supplementary Figure S3).

We further quantified the statistical significance of connectivity alterations in Gpr88−/− mice 

using voxel-level general linear model corrected for multiple comparisons (GLM, p < 

0.001), and significant group differences are mapped in Figure 4A for both positive (from 0 

to +1) and negative (from −1 to 0) correlations. For all the seeds (PFC, NAC, VTA and 

AMY), voxelwise FC connectivity was predominantly weakened (Gpr88−/− < CTRL) in 

mutant mice, with only rare and mainly cortical strengthened correlated targets (Gpr88−/− > 

CTRL). See Supplementary Results for a detailed description.

Network diagrams in Figure 4B summarize significant voxelwide modifications observed for 

each of the four PFC, NAC, VTA and AMY seeds, with a focus on their correlated activity 

with selected brain areas. These include (i) the four seeds, (ii) Somatosensory area (SS), 

which is related to sensorimotor gating deficiency reported in mutant animals (18), (iii) 

Motor area (MO), which is pivotal for sensorimotor integration and the control of voluntary 

movements (42) and likely contribute to the hyperactivity phenotype of Gpr88−/− mice (29, 

30, 36, 43) and (iv) hippocampal formation (HPF) and CP both relevant to a specific 

learning deficit that we previously reported in Gpr88−/− animals (29, 30, 43). Together, this 

analysis reveals a dysfunctional RsFC pattern within the mesocorticolimbic network.

FC analysis provides information on whole-brain connectional patterns for selected seeds, 

without addressing how these brain regions may influence each other. Effective connectivity 

(EF) further evaluates the causal influence of one region of interest on other regions within a 

predefined small network (44). To gain further insight into abnormal patterns of distributed 

activity in the mesocorticolimbic circuitry of mutant mice, we measured statistic 

dependencies within and among regional dynamics of the four PFC, NAC, VTA and AMY 

seeds, as described previously (37). Spectral Dynamic Causal Modelling (spDCM) was 

performed using datasets from Gpr88−/− mice and wild-type littermates. We specified a 

model (Figure 4C) where connected regions are based on known anatomical projections for 

the four seeds (45, 46), hence unreported or minor physical projections were deleted (PFC-

to-VTA, NAC-to-PFC and NAC-to-AMY AMY-to-VTA). Average EF parameters (t-test, p< 

0.001, FDR corrected) of the model are shown for wild-type (CTRL) and mutant (Gpr88−/−) 

mice (left and middle panels). In general, EF strength values were lower in the Gpr88−/− 
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group for all the selected directions, with the exception of the NAC-to-VTA direction. Group 

comparison (right panel) showed significantly reduced EF strength in mutant animals for 

both VTA-to-AMY and VTA-to-NAC connections (paired t-test, p< 0.05).

Therefore, in addition to reducing correlated activities within mesocorticolimbic circuitry 

(FC analysis), deletion of the Gpr88 gene limits information flow from VTA to NAC and 

AMY. The latter finding is in line with reduced DA release in the NAC upon alcohol 

treatment in mutant mice.

DISCUSSION

In this study, we first demonstrate that genetic deletion of Gpr88 in mice increases alcohol 

seeking and taking behavior. We next show that alcohol reward is reduced in these mice and 

that further, functional connectivity is weakened throughout reward, executive, and 

emotional networks that are all involved in substance abuse disorders.

A first conclusion from this study is that activity of the GPR88 receptor, an orphan G 

protein-coupled receptor encoded by the Gpr88 gene, influences behaviors related to AUDs. 

Mice lacking Gpr88 exhibited higher levels of voluntary alcohol drinking and higher alcohol 

intake in operant SA, which together indicate significant alteration of processes that promote 

approach behaviors to alcohol. These phenotypes could not be attributed to a general 

modification of appetitive learning or taste sensitivity, as no genotype differences in daily 

sucrose intake were found. Also both mutant and control mice similarly acquired and 

maintained stable operant responding for food and chocolate pellets, and showed 

comparable preference for non-alcohol tastes (saccharine and quinine). In addition, food and 

chocolate operant responding, as well as sucrose intake were unchanged, indicating that 

neither hyperactivity nor generalized responding to rewarding stimuli could explain the 

higher motivation for alcohol in SA experiments. Future studies will determine whether 

Gpr88 knockout mice also show enhanced preference and/or intake behavior for other drugs 

of abuse.

The PR breakpoint during alcohol SA, considered a measure of motivation for the reward, 

was also enhanced in Gpr88−/− mice. Increased motivation for alcohol may be due to higher 

or lower rewarding effects of alcohol, as SA studies show that higher drug seeking behavior 

can be associated to either higher or lower drug reward (see (47–50)). Here we find that, 

parallel to increased motivation for alcohol, mutant mice show reduced alcohol place 

preference in a conditioning paradigm and, importantly also, reduced DA extracellular levels 

release in the NAC upon alcohol administration. Because extracellular DA levels in the NAC 

classically reflect drug reward related to abuse potential (51–53), we propose that alcohol 

reward is indeed reduced in Gpr88−/− mice. This, in turn, would contribute to augment both 

voluntary intake and operant responding for alcohol, in order to reach in mutant mice 

alcohol rewarding effects similar to those achieved by control animals. Paralleling our 

findings, previous rodent studies showed that reduced drug reward together with reduced 

drug-induced DA responses are associated to higher motivation for cocaine (48, 49). In 

humans, reduced DA response to psychostimulant (54), or low response to an alcohol 

challenge in young humans with a family history of AUDs (55), are both predictive of a 
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higher risk for addiction. The Gpr88 KO mouse phenotype may therefore be interpreted 

along a similar line (56).

This mechanism, however, is unlikely to be the only cause for higher alcohol seeking and 

taking in Gpr88 knockout mice, and a second conclusion from this study is that GPR88 is 

critical in regulating functional activity of a number of brain networks. Rs-fMRI is 

increasingly used in human research to address how disease conditions and genes influence 

FC of brain networks (57, 58). RsFC alterations are associated with many brain disorders 

(see for example (59–63)), including drug abuse (64, 65), and have already provided a host 

of information and biomarkers for alcohol research (7). In a prior study (36) and further in 

this study, we have investigated the Gpr88−/− mice phenotype at brain circuitry level using 

Rs-fMRI neuroimaging adapted to mice (35). Our initial structural and functional analysis 

provided evidence for altered cortical microstructure, as well as cortical remodeling in live 

mutant animals (36). In particular, resting-state connectional patterns of sensorimotor 

cortical areas were significantly altered, consistent with sensory processing and 

sensorimotor gating deficits, as well as hyperactivity in these mice (18, 28–30). Also, 

amygdala connectivity with motor and sensory cortices was modified, and we suggested that 

these alterations may subserve enhanced exploratory and “risk-taking” phenotypes in these 

animals (30). The same AMY-MO/SS modifications may also contribute to increased 

alcohol drinking behavior observed in this study.

In this study, we have focused analysis of Rs-fMRI data on mesocorticolimbic networks. 

The most salient finding is a broad reduction of brain-wide FC for VTA, PFC and AMY 

seeds, providing circuit-level mechanisms to explain excessive alcohol seeking and taking in 

mutant animals. First, VTA seed-based connectivity showed decreased correlation/

anticorrelation with voxels covering NAC and AMY regions and, further, information flow 

from VTA to NAC (EF) was significantly reduced in Gpr88−/− mice. These data are 

consistent with neurochemical analysis showing lower increase of NAC DA levels upon 

alcohol treatment, and support the notion that reduced alcohol reward in mutant mice 

promotes increased alcohol drinking behavior. Second, the PFC seed also showed reduced 

FC with voxels belonging to NAC and AMY seeds, as well as SS, MO, CP and HPF which 

remarkably correlate with previously reported behavioral deficits of Gpr88 deficient mice 

(28–30, 43). This finding strongly suggests that top-down controls are disrupted in mutant 

mice, a hallmark of behavioral modification in addiction research (66). Third, the AMY seed 

showed strong abnormalities, as correlated voxels were reduced with PFC and CP. 

Conversely, PFC and VTA seeds showed either decreased or increased FC with voxels 

belonging to AMY. Also, EF from VTA to AMY was strongly reduced, and together, these 

multiple modifications of AMY FC are suggestive of altered emotional processing. In sum, 

the genetic deletion of Gpr88 leads to significant modifications of brain networks 

contributing to reward processing, executive controls and emotional regulation, and all 

concur to regulate addiction-related behaviors. Whether GPR88 activity regulates neuronal 

connectivity and effectiveness of these circuits during development, and/or is an active brain 

modulator in the adult, remains to be established. The observation of developmental stage-

dependent Gpr88 expression (18, 21) certainly includes the former. In the future inducible 

gene knockout experiments may clarify the respective contributions of developmental and 

tonic GPR88 activities in shaping addiction-related networks. Alternatively, pharmacology 
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may adequately address this question, should specific and bioavailable agonists/antagonists 

become available.

Our behavioral, neurochemical and functional connectivity analyses of Gpr88 knockout 

mice together suggest that deletion of the Gpr88 gene creates an alcohol vulnerability 

phenotype in mice. This endophenotype, and in particular the brain-level functional 

architecture of mutant mice, is reminiscent of dysfunctional connectivity reported in 

individuals with a family history of AUDs but who are not alcoholics (7, 67), or abstinent 

individuals with high risk of relapse (68, 69). Review of the human Rs-fMRI literature for 

alcohol research (see Supplementary Methods) identifies a complex set of brain network 

abnormalities in at risk individuals, which we summarize in Figure 5A. These include 

predominant alterations of networks responsible for reward/emotion processing and 

inhibitory controls, generally considered risk markers for substance abuse in the human 

neuroimaging literature (70). Although the reductionist mouse model does not, by far, 

recapitulate the complexity of human brain connectivity, homologous deficits of Rs brain 

connectivity can be noted for the Gpr88 knockout mouse model and humans at-risk (see 

Figure 5B). In particular, our study shows altered correlated activity of NAC with cortical 

areas in Gpr88 knockout animals (weaker with PFC and MO, and stronger with MO). 

Impaired Rs synchrony between the NAC and executive brain centers was also reported in 

youths with a family history of alcoholism (71). Notable also is the strong reduction of PFC-

AMY synchrony in our study, and findings of poorer amygdala-frontal cortex Rs 

connectivity in vulnerable individuals (72, 73). In brief, the impaired interplay between 

reward, emotional and executive functioning in Gpr88 mutant mice also characterizes the 

premorbid condition of at-risk human subjects. Our study represents a first step towards the 

establishment of translatable FC signatures, or biomarkers that may also provide mechanistic 

clues for abnormal alcohol-related behavior.

In conclusion, our study positions the Gpr88 gene as a target for alcohol research. In the 

future, this gene may be considered a risk factor, though the search for genetic association 

with alcoholism has not yet started. The combined gene/connectome information may also 

be useful for diagnostic and prevention. Finally, current drug development efforts will likely 

provide GPR88 drugs that may hold promise for the treatment of alcohol and drug addiction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Gpr88 knockout mice show increased alcohol drinking, with no change of taste palatability, 

alcohol sedation and metabolism. (A–D) In the 2-bottle-choice drinking paradigm, Gpr88 
knockout mice consume more alcohol than controls, while water intake is unchanged. Mice 

were first offered continuous access to (A) 20% alcohol (v/v) and (B) water in their home 

cages for 11 consecutive days (11 sessions). Next, mice underwent intermittent access 

procedure to (C) 20% alcohol or (D) water for one month (12 sessions). Left, curves 

represent the mean (±SEM) alcohol or water intake per session; right, histograms show 

mean (±SEM) daily alcohol or water consumption during the entire experiment. (E, F) In the 

two-bottle choice procedure, no difference is detected between mutant and control mice for 

the consumption of (E) sweet (saccharin) or (F) bitter (quinine) solutions. (G) Both latency 

and duration of the loss-of-righting reflex (LORR) are identical for mutant mice and their 

controls upon alcohol injection ((3.2 g/Kg, 20% v/v solution, i.p.), as are (H) Blood alcohol 

concentration (BAC) levels. A–D, n = 11–17; E–G, n = 7–11; H, n = 3 for each group. *p < 

0.05; **p < 0.01; ***p < 0.001 compared with the control group, statistical analysis is 

shown in Supplementary Table S1.
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Figure 2. 
Gpr88 knockout mice show increased alcohol-seeking and alcohol-taking behavior, with no 

change in food and chocolate self-administration. (A) Experimental timeline and history of 

reinforcement schedules for the acquisition and maintenance of alcohol self-administration. 

Alcohol was self-administered using a saccharin fading procedure on a Fixed Ratio 1 (FR1) 

schedule of reinforcement for sessions 1–17, then FR3 for sessions 18–41 and FR5 for days 

41–45. Over sessions alcohol concentration (A, v/v) was gradually increased to reach 10% 

while saccharin concentration (S, w/v) was progressively eliminated. Over successive 

training sessions the sipper access time was reduced from 60 min to 15-sec to encourage the 

mice to elevate the frequency of responding. (B) Overall, the number of lever presses during 
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60 min sessions is higher in mutant mice compared to controls for both active and inactive 

levers. Also, (C) average daily active (left) and inactive (right) lever presses for 10% alcohol 

(sessions 36–45) are higher for Gpr88 knockout mice under both FR3 (sessions 36–40) and 

FR5 (sessions 41–45) schedules. (D) Number of licks/session for the whole experiment and 

(E) average daily licks for 10% alcohol under FR3 and FR5 schedules were also higher in 

mutant mice. (F) The number of active lever responses under the progressive ratio schedule 

of reinforcement is shown, indicating a higher breaking point for mutant animals. (G–H) 

Operant food self-administration does not differ between Gpr88−/− mice and their controls 

(see Supplementary information for method). The number of (G) sessions required for the 

mice to reach the criteria and (H) lever presses for food pellets across the 10 sessions of a 

FR1 procedure are identical across genotypes. (I–J) Operant self-administration of chocolate 

flavor pellets does not differ between Gpr88−/− mice and their controls. (I) Animals were 

trained under FR1 (1–14 sessions), FR3 (15–21 sessions) and FR5 (22–26 sessions) 

schedules of reinforcement in 20 minute daily sessions during 26 sessions. (J) The number 

of nosepoke responses under the progressive ratio schedule of reinforcement is shown, 

indicating a similar breaking point for both genotypes. Data are mean ± SEM. *p < 0.05; 

**p < 0.01; compared with control group. A–H, n = 10, I–J, n = 10–11 for each group. For 

B and D, statistical analysis is shown in Supplementary Table S2.
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Figure 3. 
Gpr88 knockout mice show lower place conditioning to alcohol and reduced alcohol-

induced dopamine (DA) release in the NAC. (A) Alcohol conditioned place preference 

(CPP) was induced by alternating alcohol (1.8 g/kg i. p.) or saline administration in the 

drug- or non-drug-paired compartment for 5 min (daily sessions, 8 days total). CPP scores 

are expressed as the percent time spent in alcohol- or saline- paired compartment during 

post- minus pre-conditioning session, and show the expression of alcohol CPP for the two 

genotypes with a significantly lower score for mutant mice. (B) Extracellular DA and 

DOPAC levels were determined by in vivo microdialysis and HPLC. After the collection of 

basal fractions, saline and both alcohol concentrations (1.8 and 3.2 g/kg) were administrated 

at times 0, 60 and 140 min, respectively. Alcohol-induced changes in DA were normalized 

to the percent change over baseline, and insets show the area under the curve of cumulative 

dialysate DA or DOPAC levels from the four samples following alcohol injection (EtOH 1.8: 

0–80 min; EtOH 3.2: 140–200 min). Data are mean ± SEM, (A) n=11–14, (B) n=11 for each 

group. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with control group. #p < 0.05 

Alcohol Gpr88+/+ vs Alcohol Gpr88−/− group.
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Figure 4. 
Gpr88 knockout mice show weakened functional connectivity (FC) for four key centers of 

the mesocorticolimbic circuitry. (A) Quantification of brain-wide FC alterations for PFC, 

VTA, NAC, and AMY seeds. The figure shows group statistical significance of FC 

differences between mutant (Gpr88−/−) and control (CTRL) mice using voxel-level general 

linear model corrected for multiple comparison (GLM, p < 0.001) from group data shown in 

Supplementary Figure S3. Positively correlated and anti-correlated voxels, with annotated 

brain regions, are shown for each seed, and group differences are found with higher FC for 

either CTRL (left panels) or mutant (right panels). The color scale indicates the 

corresponding t-values. (B) Schematic representation of major significant FC modifications 

for each of the four selected seeds (PFC, VTA, NAC and AMY) with the other regions of the 

mesocoticolimbic circuit, and also including CP, HPF, MO and SS related to previously 

described behavioral and cognitive characteristics of mutant mice. The seed used for the 
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voxelwise analysis is shown in red, the three other mesocorticolimbic regions are shown in 

yellow, and CP, HPF, MO and SS are in grey. Dashed and solid lines represent weakened 

(Gpr88−/− < CTRL) or strengthened (Gpr88−/− > CTRL) FC, respectively. White lines 

represent FC with mesocorticolimbic regions, and grey lines show FC with CP, HPF, MO 

and SS. Hallmarks of the Gpr88 mesocorticolimbic signature are weaker PFC-AMY, VTA-

NAC and altered VTA-AMY FC. (C) Effective connectivity analysis using spectral dynamic 

causal modeling shows significant modification of information flow from VTA to NAC and 

VTA to AMY in mutant mice. Optimal causal models are shown for CTRL (left) and 

Gpr88−/− (middle) mice. Numbers represent mean strengths of directional information 

transfer using Bayesian parameter averaging (BPA) following t-test (p<0.001, FDR 

correction). Group comparison is shown in the right panel, with numbers indicating p values. 

Stars show the significant group difference directions by paired t-test at p<0.05. n=14 for 

each group.

Abbreviations: ACA: Anterior cingulate area, ACAd: Anterior cingulate area – dorsal part, 

ACAv: Anterior cingulate area – ventral part, AUD: Auditory area, aco: Anterior 

commissure, AI: Agranular insular Area, AMY: Amygdala, CP: Caudate putamen, ECT: 

Ectorhinal cortex, ENT: Entorhinal area, GP, globus Pallidus HPF: Hippocampal formation, 

HY: Hypothalamus, LSX: Lateral septal complex, MB: Midbrain, MO: Motor area, NAC: 

Nucleus accumbens, OFC: Orbito-frontal cortex, OT: Olfactory tubercle, P: Pons, PG: 

Pontine gray, PFC: Prefrontal cortex, PRN: Pontine reticular nucleus, PTLp: Posterior 

parietal association area, RSP: Retrosplenial area, RSPv: Retrosplenial area – ventral part, 

SC: Superior colliculus, SS: Somatosensory area, TEa: Temporal association area, TH: 

Thalamus, TRN: Tegmental reticular nucleus, VIS: Visual area, VTA: Ventral tegmental 

area.
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Figure 5. 
Review of the human Rs-fMRI literature identifies a complex set of network abnormalities 

in individuals at risk for AUDs (71–74), with homology to the Gpr88 knockout mice FC 

signature. (A) Summary of the human RsfMRI literature. Dashed and solid lines represent 

weakened and strengthened FC, respectively. PFC (orange), NAC (blue), AMY (red), PPC 

(grey) and CERE (grey) seeds are shown. Lateralization details: Left (L)-NAC showed 

increased functional connectivity with L-STG and Right (R)/L-IFG (71). R-NAC showed 

decreased functional connectivity with R-CERE, L-OFC (71). L-AMY showed decreased 

FC with L-SFG and L-SFG/BA8, and R-MFG (72). R-AMY showed decreased FC to R-

MFG (72). (B) Summary of FC modifications in this study. The Rs FC signature of the 

Gpr88 gene is adapted from Figure 4. The scheme highlights homology with human findings 

in (A), namely reduced PFC-NAC and PFC-AMY correlations. The altered connectional 

pattern for VTA reported in this study was been described in the human literature. 

Abbreviations: R/L amygdala (AMY), L.SFG-Brodmann area 8 (BA8), R/L. cerebellum 
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(CERE), R/L inferior frontal gyrus (IFG), R. middle frontal gyrus (MFG), motor cortex 

(MO), R/L nucleus accumbens (NAC), R. occipital cortex (OCC), orbitofrontal cortex 

(OFC), all part of the prefrontal cortex area (PFC area), L. superior frontal gyrus (SFG), 

somatosensory (SS) and R/L. superior temporal gyrus (STG).
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