
Alcohol and IL-6 Alter Expression of Synaptic Proteins in 
Cerebellum of Transgenic Mice with Increased Astrocyte 
Expression of IL-6

Donna L. Gruol1,*, Claudia Melkonian1, Kristine Ly1, Jasmin Sisouvanthong1, Yvette Tan1, 
Amanda J. Roberts2

1Neuroscience Department, The Scripps Research Institute, La Jolla, CA 92037 U.S.A.

2Animal Models Core Facility, The Scripps Research Institute, La Jolla, CA 92037 U.S.A.

Abstract

Recent studies indicate that neuroimmune factors, including the cytokine interleukin-6 (IL-6), play 

a role in the CNS actions of alcohol. The cerebellum is a sensitive target of alcohol, but few 

studies have examined a potential role for neuroimmune factors in the actions of alcohol on this 

brain region. A number of studies have shown that synaptic transmission, and in particular 

inhibitory synaptic transmission, is an important cerebellar target of alcohol. IL-6 also alters 

synaptic transmission, although it is unknown if IL-6 targets are also targets of alcohol. This is an 

important issue because alcohol induces glial production of IL-6, which could then covertly 

influence the actions of alcohol. The persistent cerebellar effects of both IL-6 and alcohol typically 

involve chronic exposure and, presumably, altered gene and protein expression. Thus, in the 

current studies we tested the possibility that proteins involved in inhibitory and excitatory synaptic 

transmission in the cerebellum are common targets of alcohol and IL-6. We used transgenic mice 

that express elevated levels of astrocyte produced IL-6 to model persistently elevated expression of 

IL-6, as would occur in alcohol use disorders, and a chronic intermittent alcohol exposure/

withdrawal paradigm (CIE/withdrawal) that is known to produce alcohol dependence. Multiple 

cerebellar synaptic proteins were assessed by Western blot. Results show that IL-6 and CIE/

withdrawal have both unique and common actions that affect synaptic protein expression. These 

common targets could provide sites for IL-6/alcohol exposure/withdrawal interactions and play an 

important role in cerebellar symptoms of alcohol use such as ataxia.
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Graphical Abstract

Overview.

Comparison of effects of IL-6 and alcohol, alone and together, on cerebella from non-transgenic 

(littermate controls) and IL-6 transgenic mice revealed that proteins involved in inhibitory 

GABAergic synaptic transmission are important targets of both IL-6 and alcohol.
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Introduction

The cerebellum is a CNS region that shows high sensitivity to alcohol both during 

development and in the adult (Alfonso-Loeches and Guerri, 2011;Kumar et al., 2013;Oscar-

Berman and Marinkovic, 2007). Both cerebellar neurons and glial cells are targets of alcohol 

actions, and show altered cellular or synaptic function following acute or chronic alcohol 

exposure, effects that underlie alcohol-induced changes in cerebellar function (Dar, 

2015;Luo, 2015;Riikonen et al., 2002;Stowell and Majewska, 2020;Valenzuela and Jotty, 

2015;Worst and Vrana, 2005;Zhang et al., 2015). Well-known behavioral consequences of 

excessive alcohol use include ataxia and motor dysfunction, among other cerebellar 

symptoms (Dar, 2015;Luo, 2015). In addition to the well-known role of the cerebellum in 

motor coordination and learning, recent studies indicate that the cerebellum participates in 

cognitive and emotional processes, and psychiatric disorders (Carta et al., 2019;Fitzpatrick 

and Crowe, 2013;Phillips et al., 2015;Rossi and Richardson, 2018). For example, 

connections occur between the cerebellum and CNS regions involved in fear and anxiety, 

and studies indicate a role of the cerebellum in these higher-order processes (Lange et al., 

2015;Moreno-Rius, 2018;Timmann et al., 2010). The cerebellum also communicates with 

CNS regions involved with alcohol reward and alcohol drinking (Rossi and Richardson, 

2018). Thus, effects of alcohol on the cerebellum could impact the function of several CNS 

regions and a variety of behaviors.
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The actions of alcohol on the cerebellum and other CNS regions depend on a variety of 

factors such as alcohol dose, route of alcohol administration, age of the subjects, and local 

environmental factors. Recent studies indicate that alcohol induces the production of 

neuroimmune factors, including the cytokine IL-6, in the cerebellum and other CNS regions, 

thus affecting the local cellular environment (Kane et al., 2014;Lippai et al., 2013). IL-6 is 

produced primarily by glial cells of the CNS, the astrocytes, and microglia, and is an 

important signaling molecule in the CNS. IL-6 has been shown to alter the physiology of 

cerebellar cells (Gruol, 2015;Gruol et al., 2014;Peng et al., 2005). Thus, indirect effects 

alcohol on the cerebellum could occur as a consequence of alcohol-induced production of 

IL-6.

Given that little is known about the actions of IL-6 and interactions between IL-6 and 

alcohol in the CNS, and that emerging research indicates that neuroimmune activation is an 

important aspect of the effects of alcohol on the CNS (Crews et al., 2017;Robinson et al., 

2014), our studies have focused on the issue of alcohol/IL-6 interactions. In recent studies 

we assessed potential interactions between effects of IL-6 and chronic alcohol on CNS 

function using transgenic mice that express elevated levels of IL-6 in the CNS through 

increased astrocyte expression (Gruol et al., 2018). The IL-6 tg mice were used as a model 

for subjects that have experienced tonically elevated levels of IL-6 in the CNS, such as 

occurs with long-term alcohol abuse. This model can inform on structural and functional 

consequences of CNS produced IL-6 and how these consequences affect the actions of 

alcohol, information that is important to an understanding of the mechanisms underlying the 

actions of alcohol on the CNS. Results showed that IL-6 produces neuroadaptive changes in 

the CNS and that interactions occurred between the neuroadaptive changes and actions of 

chronic intermittent alcohol exposure/withdrawal (ClE/withdrawal). These changes included 

altered brain activity as measured in EEG recordings and altered expression/activation of 

proteins involved in IL-6 signal transduction and inhibitory GABAergic synaptic 

transmission in the hippocampus. Results also showed that IL-6 and alcohol have similar 

cellular and synaptic targets in the hippocampus. Actions of IL-6 and alcohol at these targets 

could underlie the IL-6/alcohol interactions affecting EEG activity in these studies and could 

be a contributing factor to the effects of alcohol on the CNS under conditions of alcohol-

induced IL-6 production.

In the current studies we have extended our investigation into the cellular and synaptic 

actions of IL-6 and IL-6/alcohol interactions in the CNS of IL-6 tg mice to the cerebellum, 

which is the brain region that expresses the highest level of IL-6 mRNA in the CNS of the 

IL-6 tg mice (Campbell et al., 1993). Interestingly, the IL-6 tg mice express ataxia, a process 

that is altered by alcohol, suggesting a potential role for IL-6 in cerebellar control of 

movement. Both acute and chronic alcohol have been reported to produce elevated levels of 

IL-6 mRNA in the cerebellum. For example, in adult rats an acute high dose of alcohol (4 

g/kg, i.p.) increased cerebellar levels of IL-6 mRNA, but reduced cerebellar levels of IL-1 

and TNFa mRNA (Doremus-Fitzwater et al., 2014). Chronic exposure to alcohol (6 g/kg by 

gavage for 10 days) also increased expression of IL-6 mRNA in the cerebellum with no 

effect on TNFα mRNA levels (Kane, et al., 2014).
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Little is known about the consequences of the alcohol-induced IL-6 production in the 

cerebellum. To address this issue, we have analyzed effects of IL-6 and alcohol on synaptic 

proteins in cerebella from alcohol naïve and CIE/withdrawn IL-6 tg and non-tg littermate 

control mice. Based on results from our studies of the hippocampus, we focused on proteins 

involved in inhibitory synaptic transmission mediated by the GABAA subtype of GABA 

receptors (GABAAR), which are an important and highly sensitive target of alcohol in 

cerebellar circuits and have been implicated in cerebellar dysfunction associated with 

excessive alcohol use (Belmeguenai et al., 2008;Botta et al., 2007;Carta et al., 2004;Carta et 

al., 2006;He et al., 2013;Hirono et al., 2009;Kaplan et al., 2016;Li et al., 2018;Mapelli et al., 

2009;Rossi and Richardson, 2018;Saeed Dar, 2006;Simonyi et al., 1996;Su et al., 

2010;Valenzuela and Jotty, 2015;Wadleigh and Valenzuela, 2012;Zamudio-Bulcock et al., 

2018). Alcohol-induced effects on GABAAR function in the cerebellum impacts both motor 

and non-motor processes associated with cerebellar circuitry (e.g., cognitive/emotive/

reward) (Blednov et al., 2017;Rossi and Richardson, 2018;Valenzuela and Jotty, 2015;Wu et 

al., 2014). The GABAA subtype of GABA receptors (GABAAR) are multi-subunit 

(pentameric) ligand-gated ionotropic channels. The pentamers are comprised of different 

subunits (e.g., α1-α6, β1-β3, γ1-γ3, δ, ε, π, θ, and ρ1-ρ3) that form channels permeable to 

chloride ions. Depending on the subunit composition, the GABAARs mediate phasic (i.e., 

synaptic) or tonic (extrasynaptic) inhibition. In the cerebellum, receptors mediating phasic 

inhibition typically contain the a1 subunit, whereas receptors mediating tonic inhibition 

typically contain the α5 or α6 subunit. For example, in cerebellar granule neurons from 

adult rodents, tonic inhibition is mediated by GABAARs containing the α6 subunit 

(Santhakumar et al., 2006). Tonic inhibition is the primary form of synaptic inhibition in the 

granule neurons and is enhanced by low doses of acute alcohol (5-30 mM), although the 

exact mechanism mediating this action of alcohol is controversial (Botta, et al., 

2007;Hamann et al., 2002;Valenzuela and Jotty, 2015). The increased tonic inhibition 

produced by acute alcohol has been proposed to play a role in alcohol-induced motor effects 

(Hanchar et al., 2005).

In the current studies a number of synaptic proteins were examined for effects of IL-6, 

alcohol and IL-6/alcohol interactions included the GABAAR subunits alpha-1, alpha-5 and 

alpha-6, the postsynaptic scaffolding protein gephyrin, the GABA synthesizing enzymes 

GAD65/67, and the GABA vesicular transporter VGAT. In addition, three proteins involved 

in excitatory synaptic transmission were examined, the AMPA receptor subunit GluR1, the 

glutamate vesicular transporter VGLUT1, and the astrocyte transporter GLAST. Glutamine 

synthetase, the astrocyte protein involved in both GABA and glutamate cycles, was also 

examined. Results show that prolonged exposure to IL-6 in the IL-6 tg cerebellum alters the 

expression of proteins involved in both inhibitory and excitatory synaptic function. Both 

increases and decreases in protein levels were observed. CIE/withdrawal reversed effects of 

IL-6 for some proteins but enhanced effects of IL-6 for others. Taken together, these results 

provide support for the hypotheses that alcohol-induced production of IL-6 can influence the 

effects of alcohol on synaptic pathways. Presumably behaviors mediated by those pathways 

would also be affected.
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Experimental procedures

Transgenic mice

Heterozygous IL-6-tg mice (n = 21) with elevated expression of astrocyte produced IL-6 in 

the CNS and littermate controls (n = 23) were used in these experiments. Male and female 

mice of both genotypes (similar numbers) were used, although sex differences were not a 

focus of the studies. Construction of the transgenic mice was described previously 

(Campbell, et al., 1993). The elevated expression of IL-6 was targeted to astrocytes using an 

expression vector derived from the murine glial fibrillary acidic protein (GFAP) gene. The 

mice were derived from the low expressor 167 IL-6 tg mouse line. The low expressor line 

expresses higher levels of IL-6 than wildtype mice but lower levels than the high expressor 

line (Campbell, et al., 1993). The mice used in the current studies were obtained by breeding 

heterozygous IL-6 tg mice from the 167 line with wild-type C57BL/6J. Genotyping was 

carried out by PCR analysis of tail DNA using standard methods. The mice were subjected 

to a CIE/withdrawal treatment paradigm at 4-5 months of age and were 6-7 months of age at 

the completion of the treatment, at which time the animals were sacrificed and tissue 

collected for protein assays. All animal procedures were performed in accordance with the 

National Institutes of Health Guideline for the Care and Use of Laboratory Animals. Animal 

facilities and experimental protocols were in accordance with the Association for the 

Assessment and Accreditation of Laboratory Animal Care.

Elevated levels of IL-6 mRNA in the cerebellum of the IL-6 tg mice is evident at 1 week 

postnatal but does not become prominent until about 1 month postnatal, suggesting that IL-6 

production is not prominent until about 1 month postnatal (Chiang et al., 1994). Thus, with 

respect to alcohol-induced production of IL-6 this model is likely to be most relevant to 

alcohol use that starts in the juvenile or adolescent stage of life, a pattern of alcohol use that 

has significant risk for developing alcohol dependence and is currently an important societal 

issue (Foltran et al., 2011;Hingson et al., 2006). Studies in animal models have shown that 

ethanol exposure increases IL-6 levels in the CNS of adolescents as well as adults 

(Doremus-Fitzwater et al., 2015). The IL-6-tg mice exhibit progressive neurological 

symptoms including ataxia. However, structural features and neurological symptoms in the 

low expressor line used for the current studies are relatively minor until about 12 months of 

age (Brett et al., 1995;Campbell, et al., 1993;Gyengesi et al., 2019;Heyser et al., 1997).

Chronic intermittent alcohol (ethanol) treatment

The cerebellum was obtained from brains of animals that were used for studies of EEG 

activity during alcohol withdrawal. Protein activation/expression in the hippocampus and 

cerebellum were also investigated in parallel studies after completion of the EEG studies. 

Results from the EEG studies and studies of protein activation/expression in the 

hippocampus have been published (Gruol, et al., 2018). The current studies report results on 

synaptic proteins in the cerebellum.

A well-established paradigm for alcohol exposure that is a model for alcohol dependence, 

CIE/withdrawal in vapor chambers (La Jolla Alcohol Research, La Jolla, CA), was used for 

these studies (Becker and Lopez, 2004;Griffin et al., 2009;Lopez and Becker, 2014), as 
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described previously (Gruol, et al., 2018). Male and female alcohol naïve IL-6-tg and non-tg 

mice in the CIE group were injected with 1.75 g/kg alcohol plus 68.1 mg/kg pyrazole (an 

alcohol dehydrogenase inhibitor; used to stabilize blood alcohol levels) prior to alcohol 

exposure and placed in chambers used for alcohol vapor exposure. The mice were exposed 

to three cycles of CIE/withdrawal. For each cycle, the animals were exposed to 3 days of 

alcohol vapor/withdrawal (16 h vapor on/ 8 h off each day) and then left undisturbed for 72 

hrs. At the end of the 72 hrs, the next CIE/withdrawal cycle was started. Control (alcohol 

naïve) mice were injected with 68.1 mg/kg pyrazole in saline and placed in air chambers for 

the same period as the alcohol exposed animals. Target blood alcohol levels were 150-225 

mg%. Blood alcohol levels (BAL) were measured at the end of the 16 hr alcohol exposure 

period on the 2nd day of alcohol exposure for each of the 3 CIE/withdrawal cycles. Blood 

alcohol levels (BALs) were measured on the 2nd day of alcohol exposure rather than the 3rd 

day to avoid potential stress that could affect EEG recordings that were made during 

withdrawal from the 3rd day of alcohol exposure. Mean BAL values (averaged for 3 alcohol 

exposure periods) were 150 mg/dl for non-tg mice and 136 mg/dl for IL-6 tg mice and were 

not significantly different (Gruol, et al., 2018). Relative to doses of alcohol commonly used 

for experimental studies, these BALs are considered to reflect moderately high levels of 

alcohol.

Protein assays

Animals were sacrificed for biochemical studies at the termination of the 3rd CIE/withdrawal 

cycle, immediately after the 24 hour withdrawal period. Preparation of protein samples and 

protein assays were carried as previously described for hippocampus (Gruol, et al., 2018). 

Briefly, the cerebellum was removed from the brain of the mice and snap frozen in liquid 

nitrogen. For each animal, proteins were extracted from the whole cerebellum by sonication 

in cold lysis buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% 

Triton X-100, 0.5% NP-40, a Complete Protease Inhibitor Cocktail Tablet (Roche 

Diagnostics, Mannheim, Germany), and a cocktail of phosphatase inhibitors (Na+ 

pyrophosphate, β-glycerophosphate, NaF, Na+ orthovanadate; all from Sigma-Aldrich). The 

samples were incubated on ice for 30 minutes, centrifuged at 13,860 x g for 30 minutes at 

4°C, and the supernatants were collected. Protein concentration in the supernatants was 

determined using the Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA). Aliquots were 

stored at −80°C.

Expression levels of cerebellar synaptic and cellular proteins were determined in a 

representative number of animals (male and female, randomly selected) from each genotype 

by Western blot following previously published protocols (Gruol, et al., 2014;Nelson et al., 

2012). Briefly, cerebellar protein samples from IL-6 tg and non-tg mice were subjected to 

SDS-PAGE using 4-12% Novex NuPAGE Bis-Tris gels (Invitrogen Life Technologies, 

Grand Island, NY). Each gel contained protein samples from both genotypes and treatment 

groups. Proteins were transferred to Immobilon-P membranes (Millipore, Billerica, MA). 

Uniform transfer was assessed by Ponceau S staining (Pierce, Rockford, IL). Membranes 

were washed and blocked (5% casein solution; Pierce), incubated in primary antibody 

overnight (4°C), washed, and then incubated (room temperature) in secondary antibody 

coupled to horseradish peroxidase (HRP). Protein bands were visualized by 
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chemiluminescence and quantified by densitometry measurements using NIH Image 

software (http://rsb.info.nih.gov/nih-image/). Membranes were stripped and reprobed for 

beta-actin. To standardize results, for each Western blot the density of the band of interest 

was normalized to the density of the band for beta-actin in the same lane. Normalized data 

were then normalized to the average normalized value for cerebellum from alcohol naïve 

non-tg mice run on the same gel. For each protein, several Western blots containing samples 

from different animal were performed, so that multiple measurements were made on the 

cerebellum of each animal. Mean values were calculated for each protein and animal and the 

mean values were grouped according to genotype and treatment for statistical analyses.

The following antibodies were used for Western blot studies: a purified rabbit polyclonal 

antibody produced by immunizing rabbits with a synthetic peptide derived from human 

GAD65/67 (glutamic acid decarboxylase 65/67)(#PA5-38102, 1-2000, Invitrogen Life 

Technologies); a purified mouse monoclonal antibody to the alpha-1 subunit of GABAAR 

(GABAAR alpha-1) produced by immunizing mice with fusion protein amino acids 355-394 

of GABAAR alpha-1 (375-136, 1-500, UC Davis/NIH NeuroMab Facility); a purified mouse 

monoclonal antibody to the alpha-5 subunit of GABAAR (GABAAR alpha-5) produced by 

immunizing mice with a fusion protein containing a sequence from the cytoplasmic domain 

of human GABAAR alpha-5 subunit (375-401, 1-500, UC Davis/NIH NeuroMab Facility); a 

purified mouse monoclonal antibody to the alpha-6 subunit of GABAAR (GABAAR 

alpha-6) produced by immunizing mice with a fusion protein containing a sequence from the 

cytoplasmic domain (near the C-terminus) of mouse GABAAR alpha-6 (75-388, 1-500, UC 

Davis/NIH NeuroMab Facility); supernatant containing a mouse monoclonal antibody to 

vesicular GABA transporter 1 (VGAT) produced by immunizing mice with a fusion protein 

containing a sequence from the cytoplasmic N-terminus domain of mouse VGAT (73-457, 

1-4, UC Davis/NIH NeuroMab Facility); an antibody raised against a fusion protein from the 

N-terminus of human gephyrin (anti-gephyrin clone L106/83, UC Davis/NIH NeuroMab 

Facility); a purified mouse monoclonal antibody to subunit 1 of the α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) subtype of glutamate receptor (GluR) produced 

by immunizing mice with a fusion protein containing a sequence from the extracellular N-

terminus region of subunit 1 of rat GluR (GluR1) (75-327, 1-1000, UC Davis/NIH 

NeuroMab Facility); a purified mouse monoclonal antibody to the vesicular glutamate 

transporter 1 (VGLUT) produced by immunizing mice with a fusion protein containing a 

sequence from the cytoplasmic C-terminus region of rat VGLUT (75-066, 1-500, UC 

Davis/NIH NeuroMab Facility); a purified rabbit antibody to a synthetic peptide 

corresponding to a sequnce within human glutamine synthetase (Glu Syn)(PA5-28940, 

1-4000, ThermoFisher Scientific, Rockford, IL); a purified rabbit antibody to a synthetic 

peptide corresponding to a sequnce within human EAAT1 (i.e., Na+-dependent glutamate-

aspartate transporter, also known as GLAST)(PA5-19709, 1-4000, ThermoFisher scientific), 

a monoclonal antibody to beta-actin produced by immunizing mice with a synthetic peptide 

corresponding to a sequences in the amino-terminal of human beta-actin (AB#3700, 

1:10,000; Cell Signaling Technology); a monoclonal antibody to beta-actin produced by 

immunizing rabbits with a synthetic peptide corresponding to a sequences in the amino-

terminal of human beta-actin (AB#4970, 1:5,000; Cell Signaling Technology).
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Statistics

ANOVA (for parametric data) or the Mann-Whitney test (for non-parametric data) was used 

for statistical analysis of data. Normality was determined by the Kolmogorov-Smirnov (K-S) 

test and variance by the F-test. For presentation, data were graphed as box plots and show 

median, maximum, and minimum. Statistical significance was set at p ≤ 0.05. n = number of 

animals used. StatView 5.0 (SAS Institute, Inc., Cary, NC) was used for all statistical 

analyses. There was no significant difference between results from females and males, and 

data have been combined for presentation purposes.

Results

GABARs

Postsynaptic GABAARs containing the alpha-1 subunit are widely expressed in the 

cerebellum, with abundance in the granule cell layer and mainly localized to the synapse 

where they participate in phasic synaptic inhibition (Hortnagl et al., 2013;Pirker et al., 

2000;Poltl et al., 2003). In alcohol naïve mice, GABAAR alpha-1 levels were significantly 

lower in cerebellum from IL-6 tg mice compared to cerebellum from non-tg mice (U = 4, n1 

= 9, n2 = 7, p = 0.004, Mann-Whitney) (Fig. 1A). No significant effect of CIE/withdrawal on 

GABAAR alpha-1 levels was observed in cerebellum from non-tg mice (F(1,11) = 3.59 p = 

0.08) or IL-6 tg mice (U = 21, n1 = 7, n2 = 9, p = 0.06, Mann-Whitney) compared to 

cerebellum from the respective alcohol naïve non-tg and IL-6 tg mice control mice (Fig. 

1A).

In the cerebellum, GABAARs containing the alpha-5 subunit are primarily expressed in 

Purkinje neurons, are localized extra-synaptically, and are involved in tonic inhibition 

(Hortnagl, et al., 2013;Pirker, et al., 2000). Levels of GABAAR alpha-5 in cerebellum from 

alcohol naive IL-6 tg mice were significantly higher than levels in cerebellum from alcohol 

naive non-tg mice (U = 0, n = 11, n2 = 9, p = 0.0002, Mann-Whitney) (Fig. 1B). There was 

significant decrease in the level of GABAAR alpha-5 in cerebellum from CIE/withdrawn 

non-tg mice (F(1,14) = 5.42, p = 0.04) and IL-6 tg mice (U = 4, n1 = 11, n2 = 9, p = 0.0005, 

Mann-Whitney) compared to cerebellum from the respective alcohol naive non-tg and IL-6 

tg mice (Fig. 1B).

GABAARs containing the alpha-6 subunit are prominently expressed in the granule neurons 

of the cerebellum (Kato, 1990;Laurie et al., 1992;Pirker, et al., 2000;Thompson et al., 1992). 

They are located both extrasynaptically and synaptically and primarily contribute to tonic 

inhibition but can also participate in phasic inhibition (Santhakumar, et al., 2006). Levels of 

GABAAR alpha-6 in cerebellum from alcohol naive IL-6 tg mice were significantly higher 

than in cerebellum from alcohol naive non-tg mice (U = 0, n1 = 8, n2 = 10, p = 0.0004, 

Mann-Whitney) (Fig. 1C). CIE/withdrawal significantly decrease the level of GABAaR 

alpha-6 in cerebellum from both non-tg (F(1,18) = 5.95 p = 0.03) and IL-6 tg mice (F(1,12) 

= 7.00, p = 0.02) when compared to cerebellum from the respective alcohol naive IL-6 tg 

and non-tg mice (Fig.1C).
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Gephyrin

Gephyrin is a scaffolding protein that plays a central role in the distribution and clustering of 

GABAARs at postsynaptic sites on neurons (Tyagarajan and Fritschy, 2014). Gephyrin is 

widely distributed at synaptic sites and co-localized with GABAARs in the cerebellum 

(Sassoe-Pognetto et al., 2000). For example, immunostaining revealed that GABAaR alpha-1 

subunit staining on dendrites in the molecular and granule cell layers was extensively co-

localized with staining for gephyrin (Essrich et al., 1998;Sassoe-Pognetto, et al., 2000).

Gephyrin levels in cerebellum of alcohol naïve IL-6 tg mice were significantly reduced 

compared to gephyrin levels in cerebellum of alcohol naïve non-tg mice (U = 0, n1 = 11, n2 

= 10, p = 0.0001, Mann-Whitney)(Fig. 2A, left panel), consistent with the reduced levels of 

GABAAR alpha-1. Cerebellum of CIE/withdrawn non-tg mice showed a significant decrease 

in gephyrin levels compared to cerebellum of alcohol naïve non-tg mice (F(1,18) = 8.37, p = 

0.01). There was no significant effect of CIE/withdrawal on gephyrin levels in cerebellum 

from IL-6 tg mice (F(1,18) = 0.68, p = 0.36) (Fig. 2A, right panel). Thus, gephyrin levels in 

the cerebellum of IL-6 tg mice were resistant to the effects of CIE/withdrawal observed in 

the cerebellum of non-tg mice, perhaps because the levels of gephyrin were already down 

regulated by IL-6 in the cerebellum of the alcohol naïve IL-6 tg mice.

GAD65/67

The inhibitory transmitter GABA is synthesized through α-decarboxylation of glutamic acid 

by GAD 65/67, two isozymes encoded by different genes and identified by their molecular 

weight. Both isozymes are found in GABAergic neurons of the cerebellum, with GAD67 

predominately localized to cell bodies and GAD65 predominately localized to axon 

terminals (Esclapez et al., 1994).

GAD 65 and GAD 67 levels in cerebellum of alcohol naïve IL-6 tg mice were significantly 

reduced compared to GAD 65 and GAD 67 levels, respectively, in cerebellum of alcohol 

naïve non-tg mice (GAD65: U = 16, = 10, n2 = 11, p = 0.006; GAD67: U =0, = 10, n2 = 10, 

p =0.002, Mann-Whitney)(Fig. 2B).

There was no significant difference in GAD 65 or GAD 67 levels between cerebellum from 

CIE/withdrawn non-tg mice compared to cerebellum of alcohol naïve non-tg mice (GAD 65, 

F(1,21) = 0.02, p = 0.88); GAD 67, (F(1,19) = 3.88, p = 0.06) (Fig. 2B). A significant 

decrease was observed in GAD 65 and 67 levels in cerebellum of CIE/withdrawn IL-6 tg 

mice compared to cerebellum of alcohol naïve IL-6 tg mice (GAD 65, F(1,17) = 8.06, p = 

0.01; GAD 67, F(1,16) = 8.07, p = 0.01) (Fig. 2B). Thus, GAD 65/67 levels in cerebellum 

from IL-6 tg mice were sensitive to effects of CIE/withdrawal, whereas GAD 65/67 levels in 

cerebellum from non-tg mice were resistant.

VGAT

VGAT (subtype 1) is a vesicular transporter that mediates GABA uptake into synaptic 

vesicles. VGAT is highly expressed in the cerebellum, in presynaptic terminals, axons, and 

glial cells (Chiu et al., 2005). Mice with cerebellar Purkinje neuron specific VGAT knock 

out (L7-VGAT) retain cerebellar structure but show reduced VGAT protein and exhibit 
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motor discoordination including ataxia, consistent with an important role for VGAT and 

inhibitory GABAergic transmission in cerebellar control of motor function (Kayakabe et al., 

2013).

VGAT levels in cerebellum of alcohol naïve mice were significantly higher in cerebellum 

from IL-6 tg mice than in cerebellum of non-tg mice (U = 2, n1 = 12, n2 = 12, p <0.001, 

Mann-Whitney)(Fig. 2C). VGAT levels were significantly decreased in cerebellum from 

both CIE/withdrawn IL-6 tg and non-tg mice compared to cerebellum from the respective 

alcohol naïve mice (IL-6 tg, U = 17.00, n1 = 9, n2 = 10, p = 0.02; non-tg, F(1,21) = 5.89, p = 

0.02)(Fig. 2C).

GluR1

GluR1, a subunit of the AMPA subtype of glutamate receptor, is expressed in the cerebellum 

in inhibitory cerebellar neurons, at synapses associated with excitatory glutamatergic 

parallel fiber and climbing synapses, at inhibitory basket cell axons and in Bergman glial 

cells (Baude et al., 1994;Castejon and Dailey, 2009;Martin et al., 1993). GluR1 levels in 

cerebellum of alcohol naïve IL-6 tg mice were significantly reduced compared to GluR1 

levels in cerebellum of alcohol naïve non-tg mice (U = 4, n1 = 11, n2 = 12, p = 0.0001, 

Mann-Whitney)(Fig. 3A1). CIE/withdrawal significantly decreased GluR1 levels in 

cerebellum of CIE/withdrawn non-tg mice compared to cerebellum of alcohol naïve non-tg 

mice (U = 5 n1 = 12, n2 = 9, p = 0.0005, Mann-Whitney) (Fig. 3A2), but did not 

significantly effect GluR1 levels in cerebellum from IL-6 tg mice (F(1,17) = 1.12, p = 0.74) 

(Fig. 3A3). Thus, GluR1 levels in cerebellum from non-tg mice were sensitive to effects of 

CIE/withdrawal, whereas GluR1 levels in cerebellum from IL-6 tg mice were resistant.

VGLUT1

VGLUT1 is a vesicular transporter that mediates glutamate uptake into synaptic vesicles. 

VGLUT1 is expressed in neurons of two excitatory synaptic pathways in the cerebellum, 

parallel fibers of cerebellar granule neurons, and mossy fibers originating from 

extracerebellar CNS regions (Hioki et al., 2003). VGLUT1 levels in cerebellum of alcohol 

naïve mice were significantly higher in cerebellum from IL-6 tg mice than in cerebellum of 

non-tg mice (U = 0, n1 = 8, n2 = 9, p = 0.0005, Mann-Whitney) (Fig. 3B). CIE/withdrawal 

produced a significant decrease in VGLUT1 levels in cerebellum of both CIE/withdrawn 

non-tg and IL-6 tg mice compared to cerebellum from their respective alcohol naïve mice 

(non-tg, U = 11, n1 = 8, n2 = 9, p = 0.02; IL-6 tg, U = 9, n1 = 8, n2 = 8, p = 0.02, Mann-

Whitney test) (Fig. 3B).

Glial Proteins

Two proteins expressed by cerebellar astrocytes and Bergman glia were also studied, Glu 

Syn and GLAST.

Glu Syn

Glu Syn is a glutamate catabolizing enzyme exclusively located in astrocytes of the CNS 

where it catalyzes the synthesis of glutamine from glutamate and ammonia (glutamine-

glutamate cycle) (Jayakumar and Norenberg, 2016). Glu Syn, in conjunction with high 
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affinity glutamate transporters, which sequester glutamate into astrocytes, controls the 

concentration of glutamate at the synapse. Glutamine produced by astrocytes contributes to 

glutamate levels in both excitatory and inhibitory neurons. In excitatory neurons, glutamine 

is converted to the transmitter glutamate (glutamine-glutamate cycle), whereas in inhibitory 

neurons, glutamine is converted to glutamate, which is the precursor to the transmitter 

GABA (glutamine-GABA cycle) (Bak et al., 2006).

Glu Syn levels in cerebellum from alcohol naïve IL-6 tg mice were significantly higher level 

than in cerebellum from alcohol naïve non-tg mice (U = 8.0, n1 = 7, n2 = 7, p = 0.04, Mann-

Whitney test; Fig. 4A). CIE/withdrawal significantly increased the level of Glu Syn in 

cerebellum from non-tg mice (U = 7.0, n1 = 7, n2 = 7, p = 0.03, Mann-Whitney test), while 

significantly decreasing the level of Glu Syn in cerebellum from IL-6 tg mice (U = 1.0, n1 = 

7, n2 = 7, p = 0.003, Mann-Whitney test) compared to the respective alcohol naïve control 

(Fig. 4A).

GLAST

Glutamate transporters, including GLAST, play a major role in control of the concentration 

of glutamate at the synapse. GLAST is located primarily on astrocytes and is critical to the 

removal of glutamate from the synapse. GLAST is prominently expressed in Bergman glia 

of the cerebellum and plays a prominent role in glutamate uptake in the cerebellum (Watase 

et al., 1998).

GLAST levels in cerebellum from alcohol naïve IL-6 tg mice were significantly lower than 

in cerebellum from alcohol naïve non-tg mice (F (1,16) = 6.96, p = 0.02; Fig. 4B). There 

was no effect of CIE/withdrawal on cerebellar GLAST levels for either genotype (IL-6 tg, 

F(1,17) = 2.37, p = 0.14; non-tg, F(1,17) = 0.35, p = 0.56)(Fig. 4B).

Discussion

In the current studies, we identify neuroadaptive changes in the expression of synaptic 

associated proteins in the cerebellum as a consequence of persistently expressed elevated 

levels of IL-6, a condition that occurs with excessive alcohol consumption. The proteins 

examined included neuronal and glial proteins associated with inhibitory (i.e., GABAAR 

alpha-1, alpha-5 and alpha-6, gephyrin, GAD65/67, VGAT, Glu Syn), and excitatory (i.e., 

GluR1, VGLUT1, Glu Syn and GLAST) synaptic transmission. In addition, interactions 

between the effects of IL-6 and the effects of CIE/withdrawal were identified, suggesting 

similar targets of IL-6 and CIE/withdrawal action. These interactions reversed or enhanced 

the effects of IL-6. Results are summarized in Table 1. In addition, complementary data from 

studies of hippocampal proteins are included for comparison purposes. Both similarities 

(e.g., effects of IL-6 and CIE/withdrawal on GABAAR alpha-5) and differences (e.g., effects 

of IL-6 on GABAAR alpha-1) were observed between results from the cerebellum and 

hippocampus. Similarities could reflect similar underlying mechanisms, whereas differences 

could reflect differences in cell types, IL-6 levels, or other factors between the two CNS 

regions. Although effects of alcohol on the levels of some of the synaptic proteins examined 

in this study have been shown previously by others to be altered by alcohol, few studies have 

examined the cerebellum.
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The whole cerebellum was used for these studies so that sufficient tissue was available for 

analysis of multiple proteins. Thus, cerebellar regions or cell types involved in these changes 

could not be determined. However, the primary cellular region of the cerebellum, the cortical 

region, contains two major neuronal types, the granule neurons and Purkinje neurons. 

Granule neurons are small excitatory glutamatergic neurons and are the most populous 

neurons in the cerebellum. Purkinje neurons are large inhibitory neurons that have an 

expansive dendritic structure that receives extensive synaptic input from the granule neurons. 

Thus, granule neurons and Purkinje neurons are likely to be the primary targets of IL-6 and 

CIE/withdrawal detected in our studies, although axon terminals from excitatory neurons 

that innervate the cerebellum (e.g., climbing fibers and mossy fibers) and the inhibitory 

interneurons (e.g., Golgi cell, basket cell, and stellate cells) could also contribute. Both 

granule neurons and Purkinje neurons are sensitive to alcohol and IL-6, although studies on 

effects of chronic alcohol exposure/withdrawal on these neuronal types are limited (Gruol, 

2013;Luo, 2015;Qiu et al., 1995;Valenzuela and Jotty, 2015).

Presynaptic effects

Both presynaptic and postsynaptic proteins associated with excitatory and inhibitory 

synaptic transmission were altered in the cerebellum of alcohol naïve IL-6 tg mice, 

indicative of neuroadaptive effects of IL-6. Some of these changes could reflect 

compensatory mechanisms. Presynaptic effects included a decrease in the level of the 

synthetic enzymes for GABA (GAD 65/67), which would predict lower levels of presynaptic 

GABA, and an increase in the level of vesicular transporter (VGAT) involved in 

sequestration of GABA into the synaptic vesicles. The combined increase in VGAT and 

decrease in GAD 65/67 levels could reflect compensatory presynaptic adjustments to 

normalize activity at inhibitory synapses in the cerebellum of the IL-6 tg mice. However, 

these types of presynaptic changes, if they resulted in reduced presynaptic GABA, could 

contribute to the increased seizure sensitivity of the IL-6 tg mice (Samland et al., 2003). 

Involvement of the cerebellum in seizure activity has been noted for several pathological 

conditions (e.g., (Kros et al., 2017;Marcian et al., 2016;Yu and Krook-Magnuson, 2015)).

CIE/withdrawal reduced GAD65/67 levels, and presumably presynaptic GABA levels, in the 

cerebellum from IL-6 tg mice, thereby increasing the reduction in GAD65/65 observed in 

the alcohol naïve IL-6 tg mice. CIE/withdrawal also reduced VGAT levels, but in this case 

both genotypes were affected. However, the effect was more prominent in the cerebellum of 

the IL-6 tg mice, which started from a higher level of VGAT under alcohol naïve conditions 

than the non-tg mice. The added effect of CIE/withdrawal to reduce GAD65/67 and VGAT 

in the IL-6 tg mice would predict lower presynaptic GABA and a greater reduction in 

inhibitory influences, a situation that could contribute to more prominent alcohol withdrawal 

symptoms such as the withdrawal hyperexcitability observed in the IL-6 tg mice (Gruol, et 

al., 2018;Jung, 2015;Keir and Morrow, 1994;Rewal et al., 2005). The lower levels of VGAT 

in the non-tg mice could also contribute to hyperexcitability during withdrawal in the non-tg 

mice. Reduced levels of GAD 65 could affect alcohol consumption if an IL-6-induced 

reduction in GAD65 was also expressed in brain areas that control drinking. Studies in GAD 

65 knock out mice show that reduced GAD 65 levels increase alcohol intake compared to 

wildtype mice (Blednov et al., 2010).
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The level of vesicular transporter (VGLUT) involved in sequestration of the excitatory 

transmitter glutamate into the synaptic vesicles of axon terminals of excitatory neurons was 

also increased in the cerebellum of the alcohol naïve IL-6 tg mice. VGLUT has been shown 

to regulate the glutamate content of the synaptic vesicles, the quanta released from the 

terminals and, consequently, synaptic strength at glutamatergic synapses (Wojcik et al., 

2004). Overexpression of VGLUT1, the primary VGLUT isoform expressed in the 

cerebellum, has been shown to increase the amount of glutamate released from synaptic 

vesicles and enhance synaptic transmission (Wilson et al., 2005). Thus, the IL-6 induced 

increase in VGLUT1 levels would predict an enhancement of excitatory synaptic responses 

in the cerebellum of IL-6 tg mice, which could contribute to the increased seizure sensitivity 

of the IL-6 tg mice (Samland, et al., 2003). CIE/withdrawal reduced the level of VGLUT1 in 

cerebellum from both IL-6 tg and non-tg mice. In the cerebellum of the IL-6 tg mice, this 

action could counter the effects of increased levels of VGLUT1 observed in the cerebellum 

of alcohol naïve IL-6 tg mice.

Postsynaptic effects

Postsynaptic effects in the cerebellum of alcohol naïve IL-6 tg mice include a reduction in 

receptor subunits involved in phasic inhibitory (i.e., GABAAR alpha-1) and excitatory (i.e., 

GluRI) synaptic transmission, as well as the level of the scaffolding protein gephyrin, which 

is involved in receptor clustering at GABAergic synapses (Tyagarajan and Fritschy, 2014). 

In addition, levels of GABAAR alpha-5 and GABAAR alpha-6, which are primarily 

associated with tonic inhibition of Purkinje neurons and cerebellar granule neurons, 

respectively (Hortnagl, et al., 2013;Pirker, et al., 2000;Santhakumar, et al., 2006) were 

increased in cerebellum of alcohol naïve IL-6 tg mice. The increased levels of GABAAR 

subunits mediating tonic inhibition, the lower levels of GABAAR alpha-1, which mediates 

phasic inhibition, and lower levels of GAD65/67, which predicts reduced GABA levels, 

could shift the primary inhibitory influence from phasic to tonic in the cerebellum of the 

alcohol naïve IL-6 tg mice. Such changes could contribute to the reduced firing rate 

observed in Purkinje neurons in the cerebellum of IL-6 tg mice (Nelson et al., 1999) and in 

Purkinje neurons in cerebellar cultures chronically treated with IL-6 (Nelson et al., 2002)..

Like IL-6, CIE/withdrawal altered the level of several proteins involved in the GABAergic 

inhibitory influences, with some changes occurring in both genotypes. GABAAR alpha-5 

and GABAAR alpha-6 were reduced by CIE/withdrawal in cerebellum from both genotypes, 

whereas the level of GABAAR alpha-1 was not altered by CIE/withdrawal in either 

genotype. These results suggest that the CIE/withdrawal could shift the primary GABAergic 

inhibitory mechanism in the cerebellum from tonic to phasic, thereby acting in opposition to 

the effects of IL-6. Gephyrin was also reduced in the cerebellum from non-tg mice, which 

could negatively impact both phasic and tonic inhibition due to disruption of receptor 

clustering, which is regulated by gephyrin. Compared to non-tg mice, cerebellar levels of 

GABAAR alpha-1 (reduced) and GABAAR alpha-5 (increased) and GABAAR alpha 6 

(increased) in the IL-6 tg mice reflect differences similar that induced by chronic alcohol 

exposure in the CNS of mice (Mhatre et al., 1993;Mhatre and Ticku, 1992;Wu et al., 1995). 

This similarity support the use of the IL-6 tg mice as a model for the consequences of 

alcohol-induced elevated levels of IL-6 on the CNS.
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Effects of IL-6 on levels of GABAAR alpha-1 and GABAAR alpha-5 containing receptors 

could have important implications relative to a potential impact of alcohol-induced 

production of IL-6 in the CNS on the behavioral actions of alcohol. Several lines of evidence 

from studies of rodents indicate that both GABAAR alpha-1 and GABAAR alpha-5 

containing receptors play an important role in the behavioral and abuse-related effects of 

alcohol (McKay et al., 2004;Pickering et al., 2007;Stephens et al., 2017). For example, 

studies of a5-receptor subunit knock-out mice show reduced withdrawal hyperexcitability 

after an acute alcohol challenge and lower alcohol consumption, indicating a role for 

GABAAR alpha-5 containing receptors in these behaviors (Boehm et al., 2004). 

Pharmacological studies also indicate a role for GABAAR alpha-5 containing receptors in 

alcohol drinking (June et al., 2001). GABAAR alpha-1 knockout mice show decreased 

alcohol consumption and other alcohol associated behaviors (Blednov et al., 2003;Stephens, 

et al., 2017). Studies on alcohol drinking in the IL-6 tg mice are currently underway in the 

laboratory. Studies of IL-6 knockout mice have implicated IL-6 in alcohol consumption 

(Blednov et al., 2012).

The effects of CIE/withdrawal on levels of receptor subunits involved in inhibitory 

GABAergic synaptic transmission observed in our studies differ from results reported for 

studies of cerebellum of wildtype rats. In rats, chronic alcohol administration decreased 

GABAAR alpha-1 mRNA and protein levels in the cerebellum and increased GABAAR 

alpha-5 and -6 levels (Mehta and Ticku, 1999;Mhatre and Ticku, 1992;Morrow et al., 

1992;Petrie et al., 2001), which would enhance tonic inhibition and reduce phasic inhibition. 

In our studies, GABAAR alpha-5 and -6 levels were decreased in both genotypes, which 

would reduce tonic inhibition, and there was no effect of CIE/withdrawal on GABAAR 

alpha-1 in either genotype, indicating that this GABAAR subunit was not a target of alcohol 

in our experiment. Several experimental differences could explain the discrepancies between 

these two studies, including different methods of alcohol administration, different endpoints 

measured (e.g., mRNA vs. protein), higher BALs used in previous studies (e.g., BALs of 

223± 21 mg/dl compared to ~ 150 mg/dl in our studies), and the time of animal sacrifice 

relative to alcohol exposure (e.g., during alcohol exposure vs. after withdrawal).

CIE/withdrawal did not alter GluR1 levels in the cerebellum of IL-6 tg mice, whereas GluR1 

levels were reduced in cerebellum from non-tg mice. GluR1 is an important subunit of the 

AMPA subtype of glutamate receptor and is expressed in cerebellar neurons (e.g., granule 

neurons and Purkinje neurons) and Bergman glia (Baude, et al., 1994;Yamazaki et al., 2010). 

GluR1 has been shown to play a role in synaptic functions important for fine motor control 

(Saab et al., 2012). Thus, the CIE/withdrawal induced reduction of GluR1 in cerebellum of 

the non-tg mice could involve both neurons and Bergman glia. GFAP is also expressed in 

Bergman glia, which are thought to be more sensitive to alcohol than GFAP-expressing 

astrocytes (Rintala et al., 2001). However, CIE/withdrawal did not alter GFAP in the 

cerebellum of non-tg mice (Table 1), which may indicate that neuronal GluR1 was the target 

of CIE/withdrawal in the non-tg mice rather than GluR1 in glial cells.

The reduction in GluR1, in the cerebellum of non-tg mice is consistent with studies showing 

that agonist binding at the AMPA receptor is reduced in the cerebellum of rats subjected to 

multiple cycles of alcohol exposure/withdrawal (Ulrichsen et al., 1996). A reduction in 
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GluR1 and VGLUT could contribute to the reduced excitatory climbing fiber input to 

Purkinje neurons observed in rats exposed to chronic alcohol treatment (Rogers et al., 1980).

Glial proteins

In addition to the neuronal adaptations in cerebellum from alcohol naïve IL-6 tg mice, the 

level of the glial protein Glu Syn, which plays a key role in the production of both the 

inhibitory transmitter GABA and excitatory transmitter glutamate, was increased. Increased 

levels of Glu Syn could result in increased levels of synaptic glutamate, which could lead to 

aberrant excitability and glutamate toxicity.

CIE/withdrawal reduced the level of Glu Syn in the cerebellum from IL-6 tg mice, which 

along with reduced the levels of VGLUT1 and VGAT could lead to reduced levels of 

presynaptic excitatory and inhibitory transmitters and smaller synaptic responses. CIE/

withdrawal increased Glu Syn levels in the cerebellum from the non-tg mice, an effect that 

could reflect compensatory mechanism to normalize for the CIE/withdrawal induced 

reduction in levels of GluR1 and VGLUT in that genotype. However, Glu Syn, in 

conjunction with high affinity glutamate transporters, which sequester glutamate into 

astrocytes, controls the concentration of glutamate at the synapse. If the increased levels of 

Glu Syn represented an over-compensation, it could result in increased levels of synaptic 

glutamate, which could lead to glutamate toxicity. One limitation of our studies is that it is 

unknown if/how the changes in Glu Syn levels would translate into changes in Glu Syn 

activity. Effects of alcohol on Glu Syn activity has been measured in several studies and 

show brain region dependent changes, typically a reduction, or no effect (Bell et al., 

2016;Bondy and Guo, 1995;Das et al., 2016;Hemmingsen and Jorgensen, 1980). Glu Syn 

activity was reduced in the cerebellum of rats that drank alcohol (10% v/v in water) as the 

only liquid for 8 weeks, but this effect was not observed with 4 weeks of drinking, perhaps 

because of the low BALs (BALs at 4 weeks were 36 mg/dl) (Rouach et al., 1997). In 

cultured astrocytes, alcohol reduced Glu Syn activity without a corresponding decrease in 

protein levels (Davies and Vernadakis, 1984). A reduction in Glu Syn activity can lead to a 

reduction in synaptic GABA levels, a disruption of the GABA/glutamate balance and result 

in seizure activity (Chan et al., 2019). A reduction in Glu Syn activity can also play a role in 

glutamate and ammonia toxicity (Chao et al., 1992;Rose et al., 2013)

GLAST, the glutamate transporter localized in astrocytes that removes excess glutamate 

from synapses, was reduced in the cerebellum of the alcohol naïve IL-6 tg mice, which 

could result in glutamate neurotoxicity at older ages when cellular damage is observed in the 

CNS of the IL-6 tg mice (Brett, et al., 1995). In addition, alcohol drinking could be affected 

if other brain regions showed IL-6 induced reductions in GLAST. Studies of GLAST-

deficient mutants indicate a role for GLAST in alcohol drinking (Holmes et al., 2013). CIE/

withdrawal did not alter GLAST levels in either genotype, indicating GLAST was not a 

target of CIE/withdrawal under the conditions of our studies. Studies in other brain regions 

have also noted no effect of alcohol on GLAST levels (Alshehri et al., 2017;Das, et al., 

2016;Davies and Vernadakis, 1984;Melendez et al., 2005)
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Potential mechanisms

The mechanisms mediating the IL-6-induced changes in the levels of synaptic proteins 

observed in this study remain to be identified by future studies. However, components of the 

IL-6 signal transduction pathway (i.e., STAT3, c/EBP beta, p42/44 MAPK) have been shown 

to regulate expression of proteins examined in this study, raising the possibility that, at least 

for some proteins, effects of IL-6 and/or CIE/withdrawal on protein expression results from 

alterations in IL-6 signal transduction. The activated forms of STAT3, c/EBP beta and 

p42/44 MAPK were all upregulated in the cerebellum of the IL-6 tg mice (Gruol et al., 

2020). Chronic exposure of cultured granule neurons to IL-6 elevated expression of c/EBP 

beta, consistent with the ability of IL-6 to upregulate the IL-6 signaling pathway (Gruol et 

al., 2011). The JAK/STAT pathway has been shown to contribute to negative regulation of 

GABAAR alpha-1 levels in the rodent hippocampus (Lund et al., 2008;Raible et al., 2015), 

and signaling through the JAK/STAT pathway has been shown to down regulate the level of 

GLAST (Martinez-Lozada et al., 2016;Raymond et al., 2011). Thus, the elevated levels of 

pSTAT3 in the cerebellum of the IL-6 tg mice could contribute to the reduced levels of 

GABAAR alpha-1 and GLAST observed in the cerebellum of the alcohol naïve IL-6 tg and 

non-tg mice in the current study. c/EBP beta has been shown to have binding sites in regions 

of the GABAAR alpha-6 promoter and to play a role in chronic alcohol induced reduction of 

GABAAR alpha-6 levels (Saba et al., 2005). CIE/withdrawal reduced c/EBP beta levels in 

the cerebellum of both IL-6 tg and non-tg mice (Gruol, et al., 2020). Thus, IL-6 induced 

elevated expression of c/EBP beta could mediate the elevated levels of GABAAR alpha-6 

observed in the cerebellum of the alcohol naïve IL-6 tg mice, whereas the reduced c/EBP 

beta levels in the cerebellum of the CIE/withdrawn IL-6 tg and non-tg mice underlie reduced 

levels of GABAAR alpha-6.

Conclusion

Our studies show that there are multiple presynaptic and postsynaptic targets of IL-6 and 

CIE/withdrawal in the cerebellum. Targets of IL-6 are also targets of CIE/withdrawal, thus 

providing potential sites for interactions under conditions of CIE/withdrawal induced IL-6 

production. Such interactions could have important consequences relative to the effects of 

alcohol exposure/withdrawal on behaviors mediated by the cerebellum such as motor control 

and those mediated by downstream circuits of other CNS regions that are connected to and 

influenced by cerebellar synaptic function.
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Abbreviations

GABAaR alpha-1 alpha-1 subunit of GABAaR

GABAAR alpha-5 alpha-5 subunit of GABAAR

GABAAR alpha-6 alpha-6 subunit of GABAAR
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GABAAR A type GABA receptor

(BALs) Blood alcohol levels

CIE/withdrawal chronic intermittent alcohol exposure/withdrawal paradigm

GAD65/67 glutamic acid decarboxylase

GluR glutamate receptor

Glu Syn glutamine synthetase

IL-6 interleukin-6

IL-6 tg interleukin-6 transgenic

GLAST Na+-dependent glutamate-aspartate transporter

non-tg non-transgenic littermate

GluR1 subunit 1 of GluR

VGAT vesicular GABA transporter 1

VGLUT vesicular glutamate transporter 1
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Highlights

• IL-6 and alcohol alter synaptic protein expression in the cerebellum

• Expression of the GABAAR α6 subunit is altered by both IL-6 and CIE/

withdrawal

• Synaptic protein expression is altered by interactions between IL-6 and CIE/

withdrawal
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Fig. 1. 
Effects of IL-6 and CIE/withdrawal on GABAAR subunit levels in cerebellum from IL-6 tg 

and non-tg mice. A, B, C. Graphs showing levels of GABAAR alpha-1 (A), GABAAR 

alpha-5 (B) and GABAAR alpha-6 (C) in cerebella from alcohol naïve (N) and CIE/

withdrawn (E) non-tg and IL-6 tg mice. Representative Western blots are shown above the 

graphs. # = significantly different from non-tg of the same treatment group. * = significantly 

different from naïve of the same genotype. In this and other figures the numbers of animals 

measured are shown next to, within or below the graph. N = naïve, E = CIE/withdrawn. In 

Western blots − = non-tg, + = IL-6 tg.
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Fig. 2. 
Effects of IL-6 and CIE/withdrawal on levels of cerebellar proteins related to GABAergic 

synaptic transmission in cerebellum of IL-6 tg and non-tg mice. A, B, C. Graphs show 

gephyrin (A), GAD 65/67 (B) and VGAT (C) levels in cerebellum from alcohol naïve and 

CIE/withdrawn IL-6 tg and non-tg mice. Representative Western blots are shown above the 

graphs. # = significantly different from non-tg of the same treatment group. * = significantly 

different from control of the same genotype. The open circles represent outliers in the data.
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Fig. 3. 
Effects of IL-6 and CIE/withdrawal on levels of cerebellar proteins related to glutamatergic 

synaptic transmission in cerebellum of IL-6 tg and non-tg mice. A,B. Graphs show GluR1 

(A) and VGLUT (B) levels in cerebellum from alcohol naïve and CIE/withdrawn IL-6 tg and 

non-tg mice. Representative Western blots are shown above the graphs. # = significantly 

different from non-tg of the same treatment group. * = significantly different from control of 

the same genotype.
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Fig. 4. 
Effects of IL-6 and CIE/withdrawal on levels of cell specific proteins in cerebellum of IL-6 

tg and non-tg mice. A,B. Graphs show Glu Syn (A) and GLAST (B) levels in cerebellum 

from alcohol naïve and CIE/withdrawn IL-6 tg and non-tg mice. Representative Western 

blots are shown above the graphs. # = significantly different from non-tg of the same 

treatment group. * = significantly different from control of the same genotype. The open 

circle represents an outlier in the data.
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Table 1.

Effect of alcohol exposure/withdrawal on protein expression

Protein

Cerebellum Hippocampus
@

Naïve CIE/withdrawn Naïve CIE/withdrawn

IL-6
+/−

IL-6
+/−

IL-6
−/−

IL-6
+/−

IL-6
+/−

IL-6
−/−

1. Synaptic proteins: GABA related

GABAAR α-1 ↓ ns ns ns ns ns

GABAAR α-5 ↑ ↓ ↓ ↑ ↓ ↓

GABAAR α-6 ↑ ↓ ↓ - - -

gephyrin ↓ ns ↓ ns ns ns

GAD 65 ↓ ↓ ns ns ns ns

GAD 67 ↓ ↓ ns ns ns ns

VGAT ↑ ↓ ↓ ↑ ↓ ↓

2. Synaptic proteins: Glutamate related

GluR1 ↓ ns ↓ - - -

VGLUT1 ↑ ↓ ↓ - - -

3. Glial proteins

GFAP ↑$ ↓$
ns

$ ↑ ↑ ↑

Glu Syn ↑ ↓ ↑ - - -

GLAST ↓ ns ns - - -

↓ = decrease; ↑= increase; ns = no significant difference; − = not determined; naïve IL-6 tg (IL-6 +/−) results are relative to naïve non-tg (IL-6 −/−); 
CIE/withdrawn results are relative to alcohol naïve of the same genotype.

@ = Data from (Gruol, et al., 2018);

$ =Data from (Gruol et al., 2020)
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