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Abstract

Background—Microglia, the primary immune cells of the brain, are implicated in alcohol use 

disorder (AUD). However, it is not known if microglial activation contributes to the transition from 

alcohol use to AUD or is a consequence of alcohol intake.

Methods—We investigated the role of microglia in a mouse model of alcohol dependence using a 

colony stimulating factor 1 receptor inhibitor (PLX5622) to deplete microglia and a chronic 

intermittent ethanol vapor two-bottle choice drinking procedure. Additionally, we examined 

anxiety-like behavior during withdrawal. We then analyzed synaptic neuroadaptations in the 

central nucleus of the amygdala (CeA) and gene expression changes in the medial prefrontal 

cortex (mPFC) and CeA from the same animals used for behavioral studies.

Results—PLX5622 prevented escalations in voluntary alcohol intake and decreased anxiety-like 

behavior associated with alcohol dependence. PLX5622 also reversed expression changes in 

inflammatory-related genes and glutamatergic and GABAergic genes in the mPFC and CeA. At 

the cellular level in these animals, microglia depletion reduced inhibitory GABAA and excitatory 
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glutamate receptor-mediated synaptic transmission in the CeA, supporting the hypothesis that 

microglia regulate dependence-induced changes in neuronal function.

Conclusions—Our multifaceted approach is the first to link microglia to the molecular, cellular 

and behavioral changes associated with the development of alcohol dependence, suggesting that 

microglia may also be critical for the development and progression of AUD.
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Introduction

Microglia (MG), the resident macrophages of the brain, play critical roles in development 

and homeostasis, as well as in injury and disease. MG are present in mouse brain after 

embryonic day 9 (1) and respond to localized signals that drive changes in transcription, 

morphology and proliferation (2,3). Loss of homeostatic control during disease leads to re-

expression of developmental pathways and eventually to a disease phenotype (3). This 

dysregulation produces abnormal synaptic engulfment (4), loss of blood-brain-barrier 

integrity (5), peripheral immune cell recruitment (5) and chronic immune activation (6).

Gene expression profiling in human brain has linked immune activation with alcohol use 

disorder (AUD) (7–10), supporting a role for brain MG in the addiction process. A critical 

part of AUD pathology involves aberrant immune/inflammatory pathways in both the brain 

and periphery (9). Immune and inflammatory genes also regulate alcohol drinking and 

related behaviors in rodent models (11). MG express and secrete immune molecules that 

regulate neuronal transmission important in alcohol behaviors (12,13). Binge-like alcohol 

exposure primes and activates MG, causing heightened proliferation, morphological changes 

and immune responses in postmortem brains of individuals with AUD and in brains from 

ethanol-exposed rodents (14,15). MG depletion, however, blunts neuroinflammatory 

responses after binge ethanol withdrawal (16). It is not known if MG are contributing to 

pathogenesis and AUD progression or, rather, are activated as a consequence of disease 

pathology.

We tested the hypothesis that MG participate in the development of alcohol dependence in 

mice using a combination of behavior, histology, RNA-sequencing (RNA-seq) and 

electrophysiology. We examined the medial prefrontal cortex (mPFC) and central nucleus of 

the amygdala (CeA), key brain regions in the neurocircuitry of AUD. We used an established 

mouse drinking model of alcohol dependence (chronic intermittent ethanol vapor two-bottle 

choice, CIE-2BC) that mimics phenotypes in AUD (13,15), and PLX5622, a colony 

stimulating factor 1 receptor inhibitor (CSFR1) to deplete MG (17). CIE-2BC increased MG 

proliferation in the mPFC, and MG depletion prevented dependence-induced escalation of 

drinking, decreased withdrawal-associated anxiety behavior and reversed changes in 

immune, glutamatergic and GABAergic genes in the mPFC and CeA. MG depletion also 

decreased CeA glutamatergic and GABAergic synaptic transmission. This is the first 

multidisciplinary study in the same animals causally linking MG to molecular, cellular and 

behavioral changes associated with alcohol dependence.
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Materials & Methods

All procedures were approved by The Scripps Research Institute Institutional Animal Care 

and Use Committee and conforms to the National Institutes of Health Guide for the Care and 

Use of Laboratory Animals. A detailed description of experimental approaches and 

statistical analyses can be found in Supplemental Information.

Chronic intermittent ethanol two-bottle choice procedure

The CIE-2BC procedure was used as described (18,19). We initially used a cohort of 12 

male C57BL/6J mice (cohort 1) to examine MG proliferation and tested three groups: 1) 

mice that exhibit escalating alcohol intake after CIE vapor, i.e., alcohol dependent (Dep); 2) 

control mice with the same voluntary drinking history that were only exposed to air vapor 

and do not show escalations in alcohol intake, i.e., non-dependent (Non-Dep); and 3) 

alcohol-naïve control mice (Naïve). Blood alcohol levels were measured bi-weekly on the 

third or fourth day of ethanol vapor exposure (Figure S1b).

MG depletion

A second cohort of 48 male C57BL/6J mice was treated with either chow containing 

PLX5622 to deplete MG or with control chow. Mice were started on the MG depletion diet 

four weeks before the CIE-2BC procedure and remained on PLX5622 chow throughout the 

study (Figure S1).

Anxiety-like behavioral assay

The novelty suppressed feeding test (NSFT) was performed as described (20). Four days 

following their last 2BC drinking session, mice were food deprived (24h) and tested for 

latency to eat a piece of regular chow in a novel arena and then latency to eat a piece of 

regular chow in their home cage (Figure S1a).

Immunohistochemistry (IHC)

Animals used for IHC (and for RNA isolation and electrophysiology) were exposed to a 

final 16h-bout of ethanol vapor and euthanized within 2h of removal from the chamber. 

Mice (n=23) were anesthetized, transcardially perfused and brains were removed and fixed 

in Z-Fix, then flash frozen and sectioned (35μm) on a cryostat and cryoprotected. IHC was 

performed as described (19,21). Free-floating sections were stained for IBA1 (Ionized 

Calcium Binding Adaptor Molecule 1) and TMEM119 (Transmembrane Protein 119) in the 

mPFC and CeA. Sections were imaged and analyzed as described (19,21).

RNA isolation and sequencing

Cohort 2 mice were exposed to a final 16h-bout of ethanol vapor and mPFC (n=34) and CeA 

(n=19) were dissected. Total RNA was isolated as described (22,23) and submitted to the 

Genomic Sequencing and Analysis Facility at the University of Texas at Austin for RNA-

seq. Raw and processed data are available on Gene Expression Omnibus (GEO; 

GSE142571).
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Electrophysiology

Mice (n=5 animals/group) were used within 2h of removal from the vapor chambers. Ex 
vivo brain slices were prepared as described (19,24). Using whole-cell patch-clamp, we 

recorded pharmacologically isolated spontaneous GABAA receptor-mediated inhibitory 

postsynaptic currents (sIPSCs) or glutamate receptor-mediated excitatory postsynaptic 

currents (sEPSCs) from neurons in the medial subdivision of CeA. Intrinsic membrane 

properties and excitability were assessed in current-clamp mode using a protocol comprised 

of hyperpolarizing and depolarizing steps.

Drugs

AP-5 (NMDA receptor antagonist), bicuculline (GABAA receptor antagonist), CGP 55845A 

(GABAB receptor antagonist) and DNQX (AMPA and kainate receptor antagonist) were 

purchased from Tocris (Bristol, UK). Drugs were dissolved in aCSF and applied by bath 

perfusion. PLX5622 (Plexxikon Inc.; Berkeley, CA) was formulated at a dose of 1200 ppm 

in RMH1800 chow (Research Diets; New Brunswick, NJ). Control chow (RMH 1800) was 

also provided by Research Diets.

Statistics

Data are presented as mean ± standard error of the mean (SEM) values. Data were analyzed 

using Prism 8.01 (GraphPad, San Diego, CA) or R programming (P<0.05 was the criterion 

for statistical significance, and n represents the number of mice, cells or images). IHC data 

were analyzed by one-way ANOVA with Bonferroni post hoc tests (Fig 1) or by two-way 

ANOVA. We used three-way ANOVA with repeated measures to examine Time*Diet*CIE 

interactions for 2BC alcohol intake. Planned orthogonal contrasts analyzed effects of CIE 

and MG depletion on anxiety-related behavior and escalation in voluntary alcohol intake 

(25). Mann-Whitney U-Tests were additionally used for anxiety-related behavior. 

Differential gene expression analysis was performed using a multiple factor design with 

interactions, except for planned orthogonal contrasts in the CeA between MG depletion/Dep 

and Control Diet/Dep groups. Genes with a nominal significance threshold of P<0.05 were 

considered significant. This threshold was selected to balance type-1 and type-2 error rates 

when performing pathway and network analyses. Electrophysiological data were analyzed 

using two-way ANOVA with Sidak’s multiple comparisons post hoc tests.

Results

MG proliferation in mPFC in dependent mice

We first determined if the CIE-2BC procedure induces brain region-specific proliferation of 

MG, as observed in AUD (15). We compared alcohol-dependent (Dep) mice exhibiting 

escalations in voluntary alcohol intake, non-dependent (Non-Dep) mice that do not show 

escalations and ethanol-naïve controls (Naïve). We used IBA1 as a general MG marker to 

determine changes in the number of MG-like cells in the CeA and mPFC (26). There was an 

increased number of cells expressing IBA1 in the mPFC of Dep mice (one-way ANOVA: 

F(2,85)=14.14; P<0.0001) compared with Non-Dep (Padj<0.0001) and Naïve (Padj<0.0001) 

mice. Likewise, the density of IBA1 expression increased in Dep mice (ANOVA: 
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F(2,85)=5.87; P<0.01) compared with Naïve (Padj=0.0031), but not compared with Non-

Dep mice (Figure 1a-c). In the CeA, however, there were no group differences in the number 

of cells expressing IBA1 or expression density, although a trend toward increased IBA1-

expressing cells in Dep mice was observed (P=0.069) (Figure 1d-f, Figure S1). These results 

support strong MG proliferation in cortical areas similar to humans with AUD (15).

MG depletion blunts escalation of alcohol intake and anxiety-like behavior in dependent 
mice

Based on the robust MG proliferation in Dep mice, we tested the hypothesis that 

proliferation is associated with alcohol dependence using four groups of male mice: 1) MG 

intact, non-dependent (Control Diet/Non-Dep); 2) MG depleted, non-dependent (MG 

Depletion/Non-Dep); 3) MG intact, dependent (Control Diet/Dep); and 4) MG depleted, 

dependent (MG Depletion/Dep). Timelines for CIE-2BC and behavioral testing are in Figure 

S2a. MG depletion in the CeA and mPFC was verified using IBA1 and TMEM119 (Figures 

S3–4).

There was no escalation of alcohol drinking in MG Depletion/Dep mice (orthogonal contrast 

1, Control Diet/Dep vs. MG Depletion/Dep + Control Diet/Non-Dep + MG Depletion/Non-

Dep: t(3,44)=2.63; P=0.012, Figure 2a). There was also no difference in MG-depletion/Dep 

vs. Non-Dep mice (orthogonal contrast 2: MG Depletion/Dep vs. Control Diet/Non-Dep + 

MG Depletion/Non-Dep mice t(3,44)=0.006; P=0.99, Figure 2a). MG depletion also did not 

alter non-dependent drinking (orthogonal contrast 3: Control Diet/Non-Dep vs. MG 

Depletion/Non-Dep t(3,44)=0.17; P=0.86, Figure 2a). These findings support the hypothesis 

that MG depletion impedes dependence-induced escalation in drinking.

There was a trend toward a within-subjects interaction, indicating that both MG depletion 

and alcohol dependence influenced escalation over 4 weeks of 2BC drinking 

(Time*Diet*CIE interaction, two-way ANOVA: F(2,99)=2.70; P=0.063, Greenhouse-

Geisser correction, Figure 2b). Blood alcohol levels during vapor exposure did not differ 

between Control Diet/Dep and MG Depletion/Dep mice or Control Diet/Non-Dep and MG 

Depletion/Non-Dep mice (Figure S2b). Although MG Depletion/Non-Dep mice initially 

weighed about 4.67% more than the other groups (Diet*Alcohol, F(1,44)=4.31; P=0.044), 

by the end of the experiment the interaction was absent (F(1,44)=0.23; P=0.66).

We examined the effect of MG depletion on anxiety-related behavior using NSFT. Control 

Diet/Dep mice exhibited a significant protraction in latency to eat in the open field compared 

with the other groups in the open field (t(3,41)=2.84; P=0.006, Figure 2c) and the home cage 

(t(3,41)=2.69; P=0.01, Figure 2d). For orthogonal contrasts examining latency in the open 

field, MG Depletion/Dep mice did not differ from the pooled Non-Dep groups (Control 

Diet/Non-Dep + MG Depletion/Non-Dep, t(3,41)=1.61; P=0.115), nor did the Non-Dep 

groups differ from one another t(3,41)=−1.55; P=0.128). MG Depletion/Dep mice did not 

show an increased latency to eat in this novel environment, suggesting that MG depletion 

reduces anxiety-like behavior in abstinent mice. While latencies to eat were significantly 

greater in the Control Diet/Dep mice under both conditions, the effect was larger in the open 

field (Mann-Whitney U-Tests: Control Diet/Dep mice (P=0.003), all other P’s≥0.117). 

Therefore, MG depletion prevented both dependence-induced escalation of drinking and 
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ameliorated anxiety-related behavior, suggesting that MG regulate behaviors associated with 

the transition from voluntary alcohol drinking to dependence.

MG depletion reduces expression of neuroimmune and glutamatergic genes in mPFC of 
dependent mice

Given increased MG proliferation in the mPFC of alcohol-dependent mice, we profiled gene 

expression in this region from the same mice that underwent the behavioral assays. We note 

that gene expression and microglial phenotype vary substantially when alcohol is present, 

relative to acute or protracted alcohol withdrawal (16,27,28). Our results represent 

expression data within 2h of the last ethanol exposure.

There were 511 and 588 differentially expressed genes (P<0.05) following MG depletion 

(Control Diet vs. MG Depletion) or alcohol dependence (Non-Dep vs. Dep mice), 

respectively (Figure 3a,b,e,f). After MG depletion, enrichment analysis supported strong 

downregulation of gene ontologies (GO) such as myeloid leukocyte activation 

(GO:0002274), immune response (GO:0006955) (Figure 3d) and glutamatergic and 

GABAergic synaptic pathways (Figure 3c). After alcohol dependence, there was 

upregulation of type 1 interferon signaling (GO:0060337), glutamatergic transmission 

(GO:0035249) and the Brain Derived Neurotrophic Factor (BDNF) pathway (Figure 3g,h). 

For the interaction between MG depletion and dependence, 270 genes were differentially 

expressed showing enrichment in anion and cofactor transport (GO:0051186, GO:0006820) 

(Figure S5). Table S1 shows the complete list of differentially expressed genes.

We next performed a systems-level analysis of mPFC gene expression using weighted gene 

co-expression network analysis (WGCNA) to identify shared molecular targets of MG 

depletion and alcohol dependence. WGCNA identifies gene expression variation associated 

with AUD-related traits and other complex disorders (29). Module eigengenes for treatment, 

alcohol intake and escalation of drinking were identified to examine the biological 

relationships with co-expression networks (Figure S6).

Module 10 (M10) revealed eigengenes that were highly correlated with MG Depletion (r=
−0.59, P=3×10−04) (Table S2 cerulean, Figure S6). Co-expressed genes (288 genes) highly 

enriched in MG markers were downregulated in both MG Depletion/Non-Dep and MG 

Depletion/Dep mice, suggesting that MG depletion prevents the upregulation of MG 

neuroimmune responses even after alcohol dependence (Figure 4a,b). M10 included genes 

enriched in immune response (GO:0006955) and genes that regulate alcohol consumption 

(B2m, Beta-2 Microglobulin; Ctss, Cathepsin S; Il6, Interleukin 6; Il10, Interleukin 10) (11) 

(Figure 4c). There was no upregulation of inflammation-related genes, suggesting that MG 

depletion does not create a compensatory immune response, consistent with previous studies 

(30). After MG depletion, MG markers were the highest-ranking differentially expressed 

hub genes: Cx3cr1 (C-X3-C Motif Chemokine Receptor 1), C1qb (Complement C1q B 

Chain), Ctss, and Csf1r (Figure 4d,e). Figure 4k is a representative heatmap of select MG 

markers. The M10 depletion signature indicates that MG depletion prevents neuroimmune 

activation in alcohol-dependent animals.
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When comparing Non-Dep vs. Dep mice, we identified co-expressed genes strongly 

correlated with alcohol dependence (M14, r=0.63, P=9×10−05, 126 genes) (Table S2 

darkred, Figure S6). Genes were upregulated in Control Diet/Dep mice, but were unaltered 

in MG Depletion/Dep mice (Figure 4f). M14 was enriched in glutamatergic neuronal genes 

and synaptic processes, particularly at glutamatergic synapses (Figure 4g,h), consistent with 

findings in frontal cortex from individuals with AUD (29). Additionally, hub genes involved 

in glutamatergic signaling (Homer1, Homer Scaffold Protein 1 and Gria2, Glutamate 

Ionotropic Receptor AMPA Type Subunit 2) have been associated with AUD (Figure 4i,j) 

(31,32). A representative heatmap of select genes is shown in Figure 4l. These results 

suggest that MG depletion downregulates neuroimmune- and MG-related genes, and MG 

depletion may prevent the upregulation of glutamatergic-related genes in the mPFC that 

occurs in alcohol dependence.

MG depletion prevents coordinated changes in neuroimmune response, and in 
glutamatergic and GABAergic gene expression in CeA and mPFC

The CeA is implicated in the escalation of alcohol drinking in dependent animals and in 

withdrawal-associated anxiety behaviors across species (33–36). For Non-Dep vs. Dep mice, 

439 CeA genes were differentially expressed (Figure 5a, Table S3), the majority of which 

were upregulated (Figure 5b). Enrichment analysis indicated that these genes were involved 

in synaptic transmission (GO:0004890, GO:0099177, GO:0043269; GO:0007268; 

GO:0050808) and BDNF pathways (Figure 5c,d). Several of the synaptic genes involved 

glutamatergic and GABAergic signaling, including Slc1a3 (Solute Carrier Family 1 Member 

3), Grm7 (Glutamate Metabotropic Receptor 7), Grin1 (Glutamate Ionotropic Receptor 

NMDA Type Subunit 1), Grin2b, Grip1 (Glutamate Receptor Interacting Protein 1) and 

Gabrg3 (Gamma-Aminobutyric Acid Type A Receptor Gamma 3 Subunit) (Figure 5e). 

However, in MG Depletion/Dep vs. Control Diet/Dep mice, upregulation of these genes was 

not observed (Figure 5e).

We examined similarity in CeA and mPFC expression changes after alcohol dependence and 

MG depletion using a rank rank hypergeometric overlap test (RRHO) to identify patterns of 

overlap between expression profiles (37). MG depletion produced similar gene expression 

changes in both regions (Figure S7). For Control Diet vs. MG Depletion, we identified a 

robust overlap (max −log10(P-value)=36) in genes downregulated in both regions (Figure 

S7a). The most significant co-downregulated genes were MG markers (Csf1r, Cx3cr1) and 

genes related to myeloid leukocyte activation (GO:0002274), neutrophil-mediated immunity 

(GO:0002446) and immune response (GO:0006955), suggesting a prominent MG depletion 

signature (Figure S7b,c). We also observed a small but significant overlap in expression 

signatures between the mPFC and CeA for the orthogonal contrasts MG Depletion/Dep vs. 

MG Depletion/Non-Dep mice (max −log10(P-value)=6) (Figure S8a). Co-downregulated 

genes between regions were related to myeloid leukocyte activation (GO:0002274), 

neutrophil-mediated immunity (GO:0002446) and transmitter-gated ion channel activity 

(GO:0022824) (Figure S8b,c). Many of the co-regulated immune genes associated with MG 

Depletion/Dep are implicated in alcohol consumption (Il6, B2m, Ctss, Il10), further 

suggesting MG depletion prevents dependence-induced neuroimmune activation and 

escalation of drinking (11). Many synaptic genes that are co-downregulated in MG 
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Depletion/Dep animals also regulate glutamatergic (Grm5, Gria3, Grik1) and GABAergic 

(Gabrb3, Gabra3) function (Figure S8b). These coordinated changes in mPFC/CeA 

transcriptomes implicate key mechanisms by which MG depletion might counteract changes 

associated with alcohol dependence.

MG depletion reduces glutamatergic and GABAergic signaling in the CeA

Coordinated gene expression changes in CeA GABAergic and glutamatergic synaptic 

function led us to study the effect of MG depletion on CeA synaptic transmission in the 

same mice used for behavioral and transcriptomic analyses. We recorded spontaneous 

excitatory and inhibitory postsynaptic currents (sE/IPSCs) and found significant effects of 

MG depletion on sEPSC frequencies (F(1,84)=4.97; P=0.029), rise times (F(1,84)=19.30; 

P<0.001) and decay times (F(1,84)=8.27; P=0.0051), but no main effects of CIE-2BC or 

interaction effects (Figure 6). We found significant main effects of MG depletion on sIPSC 

frequencies (F(1,182)=6.85; P=0.0096), amplitudes (F(1,182)=7.80; P=0.0058) and decay 

times (F(1,182)=4.75; P=0.031), but no main effects of CIE-2BC and no interaction effects 

(Figure 7). Decreases in E/IPSC frequencies are associated with reductions in 

neurotransmitter release, while changes in amplitudes or kinetics are associated with altered 

postsynaptic receptor function, spine morphology or density (38). Thus, MG depletion, 

despite alcohol treatment, decreases glutamatergic and GABAergic synaptic function in the 

CeA via a combination of pre- and post-synaptic mechanisms.

We found similar passive CeA membrane properties and current-voltage relationships in all 

groups, whereas active membrane properties were significantly different, suggesting that 

MG depletion decreases the overall excitability of CeA neurons (Supplemental Information, 

Figure S9, Tables S4–5).

Discussion

Alcohol exposure alters MG function and expression of immune-related genes, and there is 

ample literature supporting neuroimmune signaling in alcohol behaviors (11). We 

investigated the role of MG in alcohol dependence using the well-established CIE-2BC 

mouse model that produces neurobiological and transcriptional changes that overlap with 

those found in AUD. The non-dependent and alcohol-dependent groups also allow us to 

study MG depletion on moderate and excessive drinking. Moreover, performing histological, 

transcriptomic and electrophysiological analyses in brain regions from the same cohort of 

animals gave us unprecedented insight into how MG depletion impacts alcohol dependence-

induced neuroadaptations and behavioral changes.

Alcohol dependence produced strong proliferation of MG in the mPFC, similar to results in 

AUD (15). MG transcriptomes from the frontal cortex also indicate enhanced immune 

responses after alcohol dependence in both mice and humans, particularly upregulated 

interferon pathways (22,23), suggesting the importance of cellular mechanisms (2). MG 

depletion prevented dependence-induced escalations in alcohol consumption without 

altering drinking in non-dependent mice. This new finding supports the hypothesis that MG 

are necessary for the transition from voluntary drinking to alcohol dependence. Another 

corroborating study showed that MG depletion did not alter voluntary alcohol consumption 

Warden et al. Page 8

Biol Psychiatry. Author manuscript; available in PMC 2021 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



but did regulate neuroimmune-induced escalation in drinking (39). Additionally, MG 

depletion prior to binge alcohol drinking blocked inflammatory responses to alcohol (16). 

These findings suggest that MG regulate drinking behaviors after sufficient immune 

activation such as following alcohol dependence, binge drinking or neuroimmune-induced 

escalation. MG depletion using PLX5622 also blocked the proinflammatory effects of 

nicotine withdrawal (40), further corroborating MG as neuroimmune mediators in addiction 

to different drugs of abuse.

One limitation of this study is that we did not examine MG depletion in female mice. 

Transcriptomes and inflammatory signaling differ between brain MG from male and female 

animals (41,42), suggesting sex-specific functional and disease states. Under homeostatic 

conditions in female rodents, MG show morphological markers reflective of primed and 

activated hyper-inflammatory state (42,43). However, under conditions of cerebral ischemia 

and stroke in females, MG exhibit an anti-inflammatory and neuroprotective phenotype 

(41,44). In AUD and rodent drinking models, females are more vulnerable than males to the 

inflammatory and neurotoxic effects of ethanol (45), suggesting that MG may also be key 

regulators of alcohol behaviors in females.

MG function and anxiety-like behavior during alcohol withdrawal

MG are implicated in anxiety-related disorders, but their role in alcohol withdrawal-related 

anxiety is unknown (46). MG depletion reduced anxiety-like behavior in alcohol-dependent, 

but not non-dependent mice. These findings establish a link between MG function and 

anxiety in abstinent animals. MG function also underlies withdrawal and dependence 

phenotypes associated with other drugs of abuse (40,47). For example, inhibition of MG 

activation restored the rewarding effects of cocaine in opioid-dependent animals (47). 

During nicotine withdrawal, MG depletion prevented anxiogenic behaviors (40). These 

findings, together with immune responses, provide corroborating evidence that MG have 

distinct cellular functions in behavioral responses to drugs of abuse.

MG depletion reduces expression of inflammatory- and immune-related genes in alcohol 
dependent animals

Alcohol alters immune responses in the brain and neuroimmune signaling modulates 

drinking behavior (11). Our findings suggest that alcohol dependence initiates a 

neuroinflammatory response involving type I interferons in the mPFC. Similar results were 

found in astrocyte and MG transcriptomes after alcohol dependence (22). Moreover, type I 

interferons were enriched in co-expressed genes that interacted with both alcohol 

consumption traits and risk genes from human GWAS studies, suggesting a connection 

between an individual’s risk of becoming alcohol dependent and aberrant immune function 

(8).

MG depletion prevents upregulation of neuroimmune responses in the mPFC and CeA in 

dependent mice, suggesting that MG are necessary for neuroimmune-induced escalations in 

drinking. Indeed, many of the differentially expressed mPFC and CeA genes have been 

shown to regulate alcohol consumption (B2m, Ctss, Il6) or related behaviors (Tlr4) (11). 
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Thus, MG depletion may prevent dependence-induced escalations in alcohol consumption 

by blocking aberrant neuroimmune activation following chronic alcohol exposure.

MG depletion prevents upregulation of excitatory gene expression and decreases 
excitatory synaptic transmission

Distinct functional and gene expression changes are necessary for the transition to alcohol 

dependence (10,36), such as glutamatergic dysregulation (48). Gene expression and GWAS 

studies from individuals with AUD revealed an association of glutamatergic genes with 

alcohol use phenotypes and lifetime consumption (31,32). In our mouse model of 

dependence, we observed upregulation of several glutamatergic genes in the mPFC and 

CeA, with the strongest signature in mPFC. MG depletion prevented coordinated changes in 

both regions and reduced spontaneous CeA glutamate transmission, suggesting that MG 

depletion prevents alcohol-induced hyperglutamatergic states. Consistent with our study, 

pharmacological or genetic inhibition of glutamatergic genes like Grm5 reduced alcohol 

self-administration and relapse-like behavior in rodents (49,50). A study using 

CX3CR1CreER transgenic mice to deplete MG found decreased levels of proteins at 

glutamatergic synapses and decreased spontaneous glutamate release, providing additional 

evidence that MG regulate glutamatergic signaling (51).

MG depletion counteracts GABAergic neuroadaptations induced by alcohol dependence 
and may disrupt glial-neuronal communication

GABAergic transmission increases in the CeA following alcohol dependence across species 

(52,53). MG depletion reduced CeA GABAergic signaling and gene expression in the CeA 

and mPFC. Top candidate genes implicated in AUD include transcripts for GABA receptor 

subunits and transporters (e.g., Slc6a11), although the strength of these associations can vary 

depending on the AUD subpopulation studied (33,54). Our findings suggest that MG 

depletion reverses known neuroadaptations in the GABAergic system following alcohol 

dependence, thus preventing escalation of drinking.

Bidirectional MG-neuronal communication permits tight control of synaptic activity (55) 

that could be compromised by MG depletion, interfering with synaptic changes in alcohol 

dependence. MG express many neurotransmitter receptors and alter release of neuroactive 

molecules via a feedback loop (55). In particular, BDNF, IL1β and TNFα (Tumor Necrosis 

Factor Alpha) are important for MG-neuronal communication (55) and are also implicated in 

AUD and other neuropsychiatric disorders (56–58). In individuals with AUD, TNFα and 

IL1β serum levels are elevated, whereas BDNF levels are reduced (59,60). Moreover, loss of 

BDNF in MG recapitulates deficits observed in MG Depletion mice, such as decreased 

glutamatergic synaptic proteins and spine density (51). Downregulation of Bdnf in MG may 

thus play a role in dependence-induced changes in CeA glutamatergic transmission and gene 

expression. GABAergic transmission in the CeA is regulated by IL1β (12,13), and we 

speculate that MG depletion normalizes both GABAergic and glutamatergic function by 

preventing secretion of neuromodulatory cytokines and chemokines. Further investigation is 

necessary to characterize the role of MG-derived molecules in the neuroadaptations that 

underlie alcohol dependence.
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Conclusions

Our multidisciplinary study is the first to show widespread effects of MG depletion, from 

reduced alcohol-dependence-associated behaviors to impaired synaptic function to reversal 

of synaptic and neuroimmune-related gene expression. These findings suggest a complex, 

diverse role for MG in the development of alcohol dependence.
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Figure 1. Increased number of MG in mPFC of dependent mice.
(a) Representative images of Ionized Calcium Binding Adaptor Molecule 1 (IBA1)-labeled 

(red) MG in the medial prefrontal cortex (mPFC) of Naïve, non-dependent (Non-Dep) and 

alcohol-dependent (Dep) mice. Summary graph of (b) the number of IBA1+ cells and (c) 

integrated optical density (OD) present in the mPFC. (d) Representative images of IBA1-

labeled (red) MG in the central nucleus of the amygdala (CeA) of Naïve, non-dependent 

(Non-Dep) and dependent (Dep) mice. Circled region of interest (ROI) indicates the CeA. 

Summary graphs of (e) the number of IBA1+ cells and (f) integrated OD present in the CeA. 

Scale bar = 100 μm. Data are presented as mean±SEM values; ## P<0.01; ### P<0.001.
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Figure 2. MG depletion prevents dependence-induced escalation in alcohol intake.
(a) Change in average weekly two bottle choice (2BC) ethanol (EtOH) intake (escalation) 

between week 4 and baseline. (b) Average weekly 2BC intake after each week of chronic 

intermittent ethanol (CIE) treatment. (c) Novelty-suppressed feeding test (NSFT) and 

latency to eat in the open field. (d) NSFT and latency to eat in the home cage. n=12 mice per 

group, except for the Control Diet/Non-Dep (non-dependent) group in the NSFT (n=9). Data 

are presented as mean±SEM values; # P<0.05, ## P<0.01, planned orthogonal contrasts.
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Figure 3. mPFC transcriptome is altered in response to MG depletion and alcohol dependence.
(a) Volcano plot showing log2 Fold Change against log10 P-value for the main effect of 

microglia (MG) Depletion. Differentially expressed genes (DEG) (P<0.05) are shown as 

blue dots. The top (DEG) are labeled. (b) Number of upregulated and downregulated DEG 

in the medial prefrontal cortex (mPFC) (P<0.05) after MG depletion. (c, d) Pathway 

enrichment (Webgestalt) and gene ontology (GO) biological process (Webgestalt) analyses, 

respectively for genes identified after MG depletion. (e) Volcano plot showing log2 Fold 

Change against log10 P-value for the main effect of alcohol dependence. DEG (P<0.05) are 

shown as red dots. The top DEG are labeled. (f) Number of upregulated and downregulated 

DEG in the mPFC (P<0.05) after alcohol dependence. (g, h) Pathway enrichment (Enrichr) 

and gene ontology (GO) biological process (Webgestalt) analyses, respectively for genes 

identified after alcohol dependence.
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Figure 4. Gene co-expression modules in the mPFC associated with MG depletion and alcohol 
dependence.
(a, f) Corresponding module eigengene values (y-axis) across samples (x-axis) in the medial 

prefrontal cortex. (b, g) Enrichment (y-axis) for the cell-type specific genes (x-axis) 

belonging to the co-expression module. (c, h) Relevant gene ontology (GO) categories 

enriched in the M10 and M14 modules, respectively. (d, i) The genes most strongly 

correlated with the module eigengene value are shown in the Hub Gene inset. (e,j) 

Visualization of the M10 and M14 modules, respectively. The top 30 connections are shown 

for each module. Genes that are significantly differentially expressed are shown in the 
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module color, and genes that are in grey are not differentially expressed. Size of the circle 

represents magnitude of log2 Fold Change. (k) Heatmap displaying expression levels of 

select microglia (MG) marker-related differentially expressed genes from M10 across 

treatment groups. Color indicates expression level (regularized log transformed gene 

counts). (l) Heatmap displaying levels of select glutamatergic-related differentially 

expressed genes from M14 across treatment groups. Color indicates expression level 

(regularized log transformed gene counts).
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Figure 5. Differential gene expression after alcohol dependence in the CeA.
(a) Volcano plot showing log2 fold-change against log10 P-value in central nucleus of the 

amygdala (CeA). Differentially expressed genes (DEG) (P < 0.05) are shown as orange dots. 

The top DEG are labeled. (b) Number of upregulated and downregulated DEG in the CeA 

(P<0.05) after alcohol dependence. (c, d) Pathway enrichment and gene ontology (GO) 

biological process analysis for genes identified after alcohol dependence. (e) Heatmap 

displaying expression levels of differentially expressed glutamatergic and GABAergic genes 

in the CeA after alcohol dependence (Control Diet/Dep) or after alcohol dependence and 

microglia (MG) Depletion (MG Depletion/Dep). Color indicates expression level 

(regularized log transformed gene counts).
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Figure 6. MG depletion reduces glutamatergic transmission in the CeA even after alcohol 
dependence.
(a) Representative sEPSC traces and scaled averages in central nucleus of the amygdala 

(CeA) neurons from Control Diet or microglia (MG) Depletion mice that were alcohol-

dependent (Dep, on left) or non-dependent (Non-Dep, on right). (b-e) MG depletion 

significantly decreased the mean sEPSC frequency (b), rise time (d) and decay time (e) in 

CeA neurons of Dep and Non-Dep mice (n=22–26 cells from 5 mice/group). Data are 

presented as mean±SEM values. # P<0.05, ##P<0.01 or ###P<0.001 main effect of diet by 

two-way ANOVA.
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Figure 7. MG depletion reduces GABAergic transmission in the CeA even after alcohol 
dependence.
(a) Representative sIPSC traces and scaled averages in the central nucleus of the amygdala 

(CeA) neurons from Control Diet or microglia (MG) Depletion mice that were alcohol-

dependent (Dep, on left) or non-dependent (Non-Dep, on right). (b-e) MG depletion 

significantly decreased the mean sIPSC frequency (b), amplitude (c) and decay time (e) in 

CeA neurons of Dep and Non-Dep mice (n=42–50 cells from 5 mice/group). Data are 
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presented as mean±SEM values; # P<0.05, ## P<0.01 or ### P<0.001 main effect of diet by 

two-way ANOVA.
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