
Increased IL-6 expression in astrocytes is associated with 
emotionality, alterations in central amygdala GABAergic 
transmission, and excitability during alcohol withdrawal

Amanda J. Roberts1, Sophia Khom2, Michal Bajo2, Roman Vlkolinsky2, Ilham Polis1, 
Chelsea Cates-Gatto1, Marisa Roberto2, Donna L. Gruol2,*

1Animal Models Core Facility, The Scripps Research Institute, La Jolla, CA 92037 U.S.A.

2Neuroscience Department, The Scripps Research Institute, La Jolla, CA 92037 U.S.A

Abstract

Accumulating evidence from preclinical and clinical studies has implicated a role for the cytokine 

IL-6 in a variety of CNS diseases including anxiety-like and depressive-like behaviors, as well as 

alcohol use disorders. Here we use homozygous and heterozygous transgenic mice expressing 

elevated levels of IL-6 in the CNS due to increased astrocyte expression and non-transgenic 

littermates to examine a role for astrocyte-produced IL-6 in emotionality (response to novelty, 

anxiety-like, and depressive-like behaviors). Our results from homozygous IL-6 mice in a variety 

of behavioral tests (light/dark transfer, open field, digging, tail suspension, and forced swim tests) 

support a role for IL-6 in stress-coping behaviors. Ex vivo electrophysiological studies of neuronal 

excitability and inhibitory spontaneous GABAergic synaptic transmission in the central nucleus of 

the amygdala (CeA) of the homozygous transgenic mice revealed increased inhibitory GABAergic 

signaling and increased excitability of CeA neurons, suggesting a role for astrocyte produced IL-6 

in the amygdala in exploratory drive and depressive-like behavior. Furthermore, studies in the 

hippocampus of activation/expression of proteins associated with IL-6 signal transduction and 

inhibitory GABAergic mechanisms support a role for astrocyte produced IL-6 in depressive-like 

behaviors. Our studies indicate a complex and dose-dependent relationship between IL-6 and 

behavior and implicate IL-6 induced neuroadaptive changes in neuronal excitability and the 

inhibitory GABAergic system as important contributors to altered behavior associated with IL-6 

expression in the CNS.
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1. Introduction

The cytokine interleukin-6 (IL-6) is an important neuroimmune signaling protein in the 

CNS. IL-6 is produced within the CNS, primarily by glial cells, although some neurons also 

express IL-6 (Gadient and Otten, 1997; Gruol and Nelson, 1997; Ringheim et al., 1995; 

Sallmann et al., 2000). CNS levels of IL-6 are low under physiological conditions, with 

elevations occurring during pathophysiological conditions, such as neuropsychological 

disorders and CNS disease and injury (Campbell and Chiang, 1995; Erta et al., 2012; Gruol 

and Nelson, 1997; Hodes et al., 2016; Rothaug et al., 2016). Studies using genetically 

modified mice indicate that IL-6 plays a role in a number of important physiological and 

pathophysiological behaviors. Specifically, IL-6 knockout mice (IL-6 KO) show alterations 

in anxiety-like and depression-like behaviors (Aniszewska et al., 2015; Armario et al., 1998; 

Butterweck et al., 2003; Chourbaji et al., 2006), aggressive behavior (Alleva et al., 1998), 

and deficits in memory and learning (Baier et al., 2009; Sparkman et al., 2006; Yang et al., 

2014), implicating a role for IL-6 in these behaviors. Central or intra-hippocampal 

administration of IL-6 also supports a role for IL-6 in depressive-like behavior (Sukoff Rizzo 

et al., 2012; Wu and Lin, 2008). An involvement of IL-6 in anxiety-like and depression-like 

behaviors is consistent with clinical studies in humans (Hodes et al., 2016). IL-6 KO mice 

also exhibit altered responses to drugs of abuse including alcohol (Blednov et al., 2012) and 

opioids (Bianchi et al., 1999), and to drugs that induce seizures (Penkowa et al., 2001) and 

fever (Chai et al., 1996).

IL-6 KO mice lack IL-6 in the CNS and periphery. In the CNS, astrocytes are known to be a 

primary source of IL-6 under physiological and pathophysiological conditions (Gruol and 

Nelson, 1997). Thus, to identify CNS actions of IL-6, transgenic mice with altered astrocyte 

expression of IL-6 have been constructed, such as mice that produce elevated astrocyte 

levels of IL-6 (IL-6 tg) (Campbell et al., 1993), and conditional astrocyte IL-6 KO mice (Ast 

IL-6 KO) with reduced astrocyte IL-6 expression (Quintana et al., 2013). Adult Ast IL-6 KO 

mice show increased anxiety-like behavior, altered social behavior, and impaired learning 

(Erta et al., 2015). IL-6 tg mice exhibit altered cognitive function (Heyser et al., 1997). 

Overall, these findings strongly suggest that IL-6 produced by astrocytes plays a role in a 

several important mouse behaviors.

Many of the behaviors identified in IL-6 tg, Ast IL-6 KO or IL-6 KO mice are also 

symptoms of excessive alcohol use, including anxiety-like and depressive-like behavior, and 

impaired memory and learning (Gong et al., 2017; Martinez et al., 2018; Wills et al., 2009). 

Interestingly, there is evidence that alcohol consumption and/or withdrawal increased levels 

of IL-6 in the CNS (Alfonso-Loeches et al., 2010; Baxter-Potter et al., 2017; Doremus-

Fitzwater et al., 2014; Emanuele et al., 2005; Gano et al., 2016; Kane et al., 2013; Zhang et 

al., 2014). These findings raise the possibility of a role for IL-6 in the behavioral effects of 

alcohol.

Given that the behavioral phenotype of IL-6 tg mice has not been well characterized, here 

we tested IL-6 homozygous and heterozygous mice and their non-transgenic littermates in 

several mouse behaviors, including those that capture stress coping reactions (i.e. anxiety-

like and depressive-like tests), with the goal of advancing the understanding of the specific 
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role of astrocyte-produced IL-6 in these behaviors. In addition, to identify potential 

mechanisms underlying effects of IL-6 on behavior we performed ex vivo 

electrophysiological recordings of inhibitory GABAergic transmission and neuronal 

excitability in the central amygdala (CeA). We also examined activation/expression of IL-6 

signal transduction partners and proteins associated with inhibitory GABAergic signaling in 

the hippocampus. These brain regions (amygdala and hippocampus) are known to play a role 

in anxiety-like and depressive-like behaviors (Adhikari, 2014; Caliskan and Stork, 2018), 

with dysregulated GABAergic signaling being a major contributor/player/component (Gilpin 

et al., 2015; Kalueff and Nutt, 2007; Smith and Rudolph, 2012). Altered GABAergic 

transmission and increased CNS excitability are also important alcohol withdrawal 

symptoms (Kumar et al., 2004; Little, 1999; Olsen and Spigelman, 2012), and can contribute 

to excessive alcohol drinking associated with alcohol dependence (Enoch, 2008). Therefore, 

we also examined the role of IL-6 in changes of CNS excitability during alcohol withdrawal, 

as well as changes in hippocampal protein activation/expression as a consequence of alcohol 

exposure/withdrawal.

Our results strongly support a regulatory role of astrocyte produced IL-6 in several important 

mouse behaviors and have identified potential targets altered by IL-6 that could contribute to 

effects of IL-6 on behavior through the regulation of neuronal network activity. These results 

have important implications for conditions associated with elevated levels of IL-6 in the 

CNS, including CNS disease and injury, neuropsychological disorders and alcohol abuse 

disorders.

2. Materials and Methods

2.1. Animals

Adult (9–12 weeks at beginning of experiment) male and female IL-6 homozygous (IL-6 tg 

+/+)(25 females, 27 males), IL-6 heterozygous (IL-6 tg +/−)(23 females, 27 males) and non-

transgenic littermates (IL-6 tg −/−)(24 females, 26 males) were used for these studies. The 

IL-6 tg +/− mice were obtained by breeding IL-6 tg +/− tg mice with wild-type C57BL/6J 

mice, or for the IL-6 tg +/+ mice, by breeding IL-6 tg +/− mice with IL-6 tg +/− mice. The 

IL-6 tg −/− were littermates from the two breeding approaches. Mice were genotyped by 

PCR analysis of tail DNA using standard methods and the PreciGene 2x HotStart Taq 

Master Mix with loading dye (BioPioneer Inc., San Diego, CA). Construction of the 

transgenic mice was described previously (Campbell et al., 1993). The transgenic mice were 

modified to express elevated levels of IL-6 through increased astrocyte production using an 

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

animal procedures were performed in accordance with the National Institutes of Health 

Guideline for the Care and Use of Laboratory Animals and approved by The Scripps 

Research Institute’s IACUC. Animal facilities and experimental protocols were in 

accordance with the Association for the Assessment and Accreditation of Laboratory 

Animal Care.
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2.2. Behavioral tests

2.2.1. Light/dark transfer test—This procedure has been used to assess anxiety-like 

behavior and exploratory drive in mice by capitalizing on the conflict between exploration of 

a novel environment and the avoidance of a brightly lit open field (Holmes et al., 2002; Li et 

al., 2013; Rodgers et al., 1997). The apparatus is a rectangular box made of Plexiglas 

divided by a partition into two environments. One compartment (14.5×27×26.5 cm) is dark 

(8–16 lux) and the other compartment (28.5×27×26.5 cm) is highly illuminated (400–600 

lux) by a 60 W light source located above it. The compartments are connected by an opening 

(7.5×7.5 cm) located at floor level in the center of the partition. Mice were placed in the dark 

compartment to start the 5-minute test. The time spent in the light compartment was used as 

a predictor of anxiety-like behavior, i.e. a greater amount of time in the light compartment is 

indicative of decreased anxiety-like behavior.

2.2.2. Open field test—This test predicts how animals respond when introduced into a 

brightly illuminated open arena (Crawley, 1999). It is a classical test of “emotionality” used 

to measure anxiety-like responses of rodents exposed to stressful environmental stimuli 

(brightly illuminated open spaces) as well as to capture spontaneous activity measures under 

novel conditions. The apparatus is a square white Plexiglas (50W × 50L × 22H cm) open 

field illuminated to 400 lux in the center. Each animal was placed in the center of the field 

and several behavioral parameters (distance traveled, velocity, center time, entries to center) 

were recorded during a 60-minute observation period and analyzed using Noldus Ethovision 

XT software. In addition, rearing numbers and grooming time were analyzed from videos 

off line.

2.2.3. Digging test—Digging is a naturalistic rodent behavior that has been 

hypothesized to reflect response to novelty (Deacon, 2006), which is sensitive to 

hippocampal damage (Deacon and Rawlins, 2005) and is decreased in a mouse model of 

Alzheimer’s Disease (Janus et al., 2015). Mice were placed individually in a standard mouse 

cage containing bedding that was 5 cm in depth and the number of digging bouts in a 3-min 

session was recorded.

2.2.4. Tail suspension test—The tail suspension test is a classic test for examining 

depressive-like behavior in mice (Sarkisyan et al., 2010; Steru et al., 1985). Each mouse is 

suspended from its tail using adhesive tape on a metal bar located 30 cm above a flat surface 

for 6 minutes. Immobility is quantified by measuring the amount of time when no whole-

body movement is observed. Increased time spent immobile is indicative of increased 

helpless (depressive)-like behavior. Data from 7 mice (mostly female IL-6 tg −/−) were 

removed as mistrials due to repeated tail climbing.

2.2.5. Forced swim test—The forced swim test is a classic test used as a predictive 

animal model for antidepressant actions of drugs (Cryan et al., 2002; Porsolt, 2000). We 

used a modification of the test originally described by Porsolt and colleagues (1977)(Porsolt 

et al., 1977) and adapted by Lucki (1997)(Lucki, 1997). Mice were individually placed into 

clear polypropylene cylinders containing 23–25 °C water, 15 cm deep, for 6 min. An 

observer blinded to the treatment recorded the number of seconds per minute each mouse 
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was immobile. Immobility was measured when no activity was observed other than that 

required for the mouse to keep its head above the water.

2.2.6. Alcohol exposure—A single i.p. injection of 4 g/kg alcohol (ethanol; 20%w/v in 

0.9% saline) was administered to 37–38 mice per genotype (equal males and females) two 

hours into the dark phase of the circadian rhythm (additional 12–14 mice per genotype were 

used for the protein assays and electrophysiological studies requiring alcohol naïve mice. 

This dose of alcohol in mice has been associated with increased handling-induced 

convulsions (HIC), albeit mild, in C57BL/6J mice 6–12 hr following alcohol injection 

(Crabbe, 1998; Crabbe et al., 1983; Roberts et al., 1992) and increased seizure thresholds 8 

hrs following injection (McQuarrie and Fingl, 1958). HIC were assessed using a scale 

developed by Goldstein and Pal (Goldstein and Pal, 1971), which is used extensively in the 

field (e.g. (Crabbe et al., 1980; Farook et al., 2008; Finn et al., 2007; Ghozland et al., 2005; 

Metten et al., 2010; Olive and Becker, 2008)). Briefly, this procedure involves lifting the 

mouse by the tail and observing it for possible convulsions. If none occur, the mouse is 

gently spun 180 degrees by rubbing the tail between the thumb and forefinger. Convulsions 

are scored on a 6 point scale ranging from facial grimace to severe tonic-clonic convulsions 

(higher numbers reflect more severe behavioral signs). Baseline HIC was assessed prior to 

alcohol injection. Mice were scored for HIC at 2, 4, 6, 8, 12 and 24 hours following alcohol 

injection by a single experimenter blind to the animals’ experimental history. HIC scores at 

2, 4, 6, 8, 12 and 24 hours were normalized to baseline control scores for each animal to 

adjust for individual differences.

2.3. Protein assays

Hippocampi from alcohol naïve (IL-6 tg −/−, 5 females, 4 males), IL-6 tg +/− (4 females, 7 

males) and IL-6 tg +/+ (6 females, 3 males) mice, and alcohol exposed IL-6 tg −/−, IL-6 tg 

+/−, and IL-6 tg +/+ female (7 of each genotype) and male (7 of each genotype) mice were 

used for Western blot studies to determine the relative levels of specific cellular proteins in 

the CNS of the IL-6 tg +/+. IL-6 tg +/− and IL-6 tg−/− mice. The alcohol treated mice were 

sacrificed after the 24 hour alcohol withdrawal period. Protein samples were prepared using 

standard methods as described previously (Gruol et al., 2018). Mice were anesthetized with 

isoflurane, decapitated, and the hippocampus dissected. The hippocampus was snap frozen 

in liquid nitrogen and stored at −80 °C until processing. To extract the proteins, the 

hippocampi were sonicated individually 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 

13,860g 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.

Protein samples were separated by SDS-PAGE electrophoresis using 4–12% Novex 

NuPAGE Bis-Tris gels (Invitrogen Life Technologies, Grand Island, NY) following standard 

methods as described previously (Gruol et al., 2018). Typically, samples from all three 
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genotypes were run on the same gel to enable comparisons across genotypes. Proteins were 

transferred to Immobilon-P membranes (Millipore, Billerica, MA) and uniform transfer 

assessed by Ponceau S staining (Pierce, Rockford, IL). After washing, membranes were 

blocked in a 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 identified by 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 animal tested on a gel the density of band for the protein of interest was first 

normalized to the density of the band for beta-actin in the same lane. This normalized value 

was then normalized to the average normalized value for the same protein in alcohol 

exposed IL-6 tg −/− hippocampus run on the same gel. The alcohol exposed IL-6 tg −/− 

samples were used for standardization because they were run on all gels. Samples were 

tested for the same protein multiple times and a final average for each animal determined. 

Data from all gels were combined according to protein, animal, genotype, and treatment and 

analyzed statistically.

Antibodies to the following proteins were used in these studies: a monoclonal rabbit 

antibody produced in rabbits by immunizing with a fusion protein corresponding to a 

sequence in the carboxy-terminal of mouse STAT3 protein (AB#4904; 1:1000; Cell 

Signaling Technologies); a purified rabbit polyclonal antibody produced in rabbits by 

immunizing with a synthetic phospho-peptide corresponding to the residues surrounding 

Tyr705 of mouse STAT3 (AB#9131; 1:1000; Cell Signaling Technologies); A purified rabbit 

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

human GAD65/GAD67 (#PA5–38102, 1–2000, Invitrogen); a purified mouse monoclonal 

antibody to gamma-aminobutyric acid receptor (GABAAR) subunit alpha-5 (GABAAR 

alpha-5) produced by immunizing mice with a fusion protein containing a sequence from the 

cytoplasmic domain (amino acids 368–419) of human GABAAR alpha-5 (Clone N415/24, 

1–500, UC Davis/NIH NeuroMab Facility); a purified mouse monoclonal antibody to 

gamma-aminobutyric acid receptor subunit alpha-1 (GABAAR alpha-1) produced by 

immunizing mice with a fusion protein (amino acids 355–394) from mouse GABAAR 

alpha-1 (clone N95/35, 1–500, UC Davis/NIH NeuroMab Facility); a purified mouse 

monoclonal antibody to a synthetic peptide (amino acids 411–422) of human glial fibrillary 

acidic protein (GFAP) (#75–240, 1–10,000, UC Davis/NIH NeuroMab Facility); a purified 

rabbit polyclonal antibody produced by immunizing rabbits with a synthetic peptide derived 

from the sequence of human enolase-2 (neuron specific enolase) (AB#9536, 1–1000, Cell 

Signaling Technology); 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).

IL-6 levels in the cerebellum of the three genotypes were determined using the DuoSet 

mouse IL-6 ELISA kit (DY406, R&D Systems, Minneapolis, Minn) following 

manufacturer’s instructions. Protein samples from the cerebellum of alcohol naïve and acute 

alcohol treated IL-6 tg −/−, IL-6 tg +/− and IL-6 tg +/+ mice were prepared following the 
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same protocol used for the hippocampus. For alcohol-exposed mice, the cerebellum was 

obtained at the end of the 24 hr withdrawal period.

2.4. Electrophysiological studies

2.4.1. Slice preparation—Slices were prepared from three mice of each genotype (IL-6 

tg −/−, IL-6 tg +/− and IL-6 tg +/+) using previously described protocols (Bajo et al., 2015; 

Patel et al., 2019). Briefly, the mice were anaesthetized with 3% isoflurane, decapitated and 

the brain quickly removed and placed in ice-cold oxygenated high-sucrose cutting solution 

(composition in mM: 206 sucrose, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 1.2 NaH2PO4, 26 

NaHCO3, 5 glucose, and 5 HEPES). Coronal slices (300 μm) containing the central 

amygdala (CeA) were cut using a Leica 1200S vibratome (Leica Microsystems, Buffalo 

Grove, IL). The slices were incubated for 30 min at 37 °C in O2/CO2-gassed artificial 

cerebrospinal fluid (ACSF: composition in mM: NaCl, 130; KCl, 3.5; NaH2PO4, 1.25; 

MgSO4.7H2O, 1.5; CaCl2, 2.0; NaHCO3, 24; glucose, 10) followed by a 30 min incubation 

at room temperature. Within the next 2–8 hours the slices were transferred to a recording 

chamber (RC-26 Warner Instruments, Hamden, CT), and continuously perfused with O2/

CO2-gassed ACSF at a flow rate of 2–3 ml/min.

2.4.2. Whole cell patch-clamp recordings—CeA neurons were visualized using 

infrared-differential interference contrast (IR-DIC) optics, using either w60 or w40 water 

immersion objectives (Olympus B×51WI) and a CCD camera (EXi Aqua, QImaging). For 

data acquisition, a Multiclamp 700B amplifier, Digidata 1440A and pClamp 11 software 

package (Molecular Devices, Sunnyvale, CA) were used.

Passive and active (spike firing) membrane properties of CeA neurons were determined by a 

standard current step protocol consisting of incremental hyperpolarizing to depolarizing 

current injections. Current-Voltage (I-V) relationships were calculated for 51 neurons from 

IL-6 tg −/−, for 36 neurons from IL-6 tg +/− and 63 neurons from IL-6 tg +/+ mice ~5 min 

after a whole-cell configuration was established. They commenced at membrane potentials 

Vm= −70 mV and were generated by 600 ms current injection at steps starting from −120 

pA with 10 pA current increments.

Pharmacologically-isolated action-potential dependent GABAA receptor-mediated 

spontaneous inhibitory postsynaptic currents (sIPSCs) and action-potential independent 

GABAAR -mediated miniature IPSCs (mIPSCs) were recorded from CeA neurons (total of 

86 neurons from the 3 different genotypes) in a gap-free acquisition mode at a 10 kHz 

sampling rate. Neurons were held at −60 mV and sIPSCs and mIPSCs were isolated by 

adding the GABAB-receptor blocker CGP 55845A (1μM) and the glutamate receptor 

blockers DNQX (20 μM) and DL-AP-5 (30 μM) to the ACSF; mIPSCs were recorded in the 

presence of tetrodotoxin (TTX; 0.5 μM).

Patch pipettes were pulled of borosilicate glass to a resistance of 3–5 MΩ and filled with K-

gluconate-based internal solution to measure membrane excitability and containing (in mM): 

145 K-Gluconate, 10 HEPES, 2 MgCl2, 1 EGTA, 2 Mg-ATP, 0.2 Na-GTP (300 mOsm; pH 

adjusted to 7.2 – 7.4 using 1M KOH) or with a KCl-based internal solution to record m/
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sIPSCs and containing (in mM): 145 KCl, 10 HEPES, 2 MgCl2, 1 EGTA, 2 Mg-ATP, and 

0.2 Na-GTP (290–310 mOsm, pH adjusted to 7.2–7.4 using 1M KOH) to record m/sIPSCs.

Cells with more than 20% change in access resistance (Ra ≤15 MΩ, monitored with frequent 

10 mV pulses) were not included in the final data analysis. We analyzed frequencies, 

amplitudes and kinetics (rise and decay times) of s/mIPSCs using Mini Analysis software 

(Synaptosoft Inc., Fort Lee, NJ) followed by a visual inspection of each individual event. 

Averages of s/mIPSC characteristics were calculated based on a minimum time interval of 5 

mins or a minimum of 50 events. Passive and active membrane properties were analyzed 

using the software NeuroExpress (version 18.c.13) developed and provided by Dr. Szucs.

2.5. Statistics

Data from behavioral and protein studies were analyzed statistically using ANOVA for 

parametric data and the Mann-Whitney test for non-parametric data. Normality was assessed 

using the Kolmogorov-Smirnov (K-S) test, and variance was assessed by the F-test. For data 

analyzed by ANOVA, compiled data were expressed as the mean ± SEM. For non-

parametric data, median, maximum, and minimum values are shown in box plots. For 

studies involving the repeated measurements from the same animal, repeated measures 

ANOVA was used. Statistical significance was set at p ≤ 0.05. n = number of animals tested. 

These analyses were carried out using Statview (Abacus Corporation).

Data from electrophysiological studies were analyzed and graphed in Prism 7.01 (GraphPad, 

San Diego, CA). Data are presented as means ± SEM, and n represents number of cells. 

Statistical difference between groups was calculated using one-way ANOVA followed by 

Tukey post-hoc test. In all cases, p < 0.05 was the criterion for statistical significance.

3. Results

3.1. Emotionality

Five behavioral tests were carried out to assess emotionality (response to novelty, anxiety- 

and depressive-like behaviors, and stress coping behaviors) in the IL-6 tg −/−, IL-6 tg +/− 

and IL-6 tg +/+ mice. The IL-6 tg −/− mice are littermates that do not express the transgene 

and are considered to express normal levels of IL-6 mRNA and protein in the CNS, whereas 

the IL-6 +/+ and IL-6 +/− mice express increased levels of IL-6 mRNA in the CNS in a 

transgene-dose respective manner (Campbell et al., 1993). In the light/dark transfer and open 

field tests several different measures were made that are thought to be relevant to anxiety-

like behavior and exploratory drive. In the forced swim and tail suspension tests, immobility 

was measured, which is thought to reflect a stress-induced loss of escape effort. Loss of 

escape effort is considered a depression-like behavior because anti-depressant drugs can 

modify escape effort. For all behavioral tests, results from males and females were combined 

for further comparisons when there was no sex or sex x genotype interaction. Unless 

otherwise noted, repeated measures ANOVA or ANOVA were used for statistical analyses of 

data. Results are summarized in Table 1.

3.1.1. IL-6 tg +/+ mice show decreased exploratory behavior in the light/dark 
transfer test—There was no significant genotypic or sex difference in the time spent in the 
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light chamber, and no genotype x sex interaction (Fig. 1A). In contrast, the number of 

transitions between the light and dark chamber was significantly different across genotypes 

(F(2,66) = 6.25, p = 0.003). However, there was no sex difference or genotype x sex 

interaction (Fig. 1A). Combined means (female plus male), showed that IL-6 tg +/+ animals 

had a significantly lower (Tukey’s post hoc tests) number of transitions than IL-6 tg +/− or 

IL-6 tg −/− mice, indicative of decreased exploratory behavior. There was no significant 

difference in transitions between IL-6 tg +/− and IL-6 tg −/− mice (Fig. 1A).

3.1.2. IL-6 tg +/+ mice show decreased exploratory behavior in the open field 
test—There were significant genotype effects in the activity measures (Fig. 1B–G). 

Distance traveled (Fig. 1B) and velocity of movement (Fig. 1C) showed a significant 

genotypic difference during the 60 min testing period (distance, F(2,66) = 23.73 p < 0.0001; 

velocity, F(2,66) = 21.47 p < 0.0001), but no sex difference or genotype x sex interaction. 

Analysis of mean values for combined data followed by post hoc tests showed a significant 

genotypic difference for velocity (F(2,69) = 19.38, p <0.0001) and distance (F(2,69) = 

21.21, p <0.0001), with IL-6 tg +/+ mice having a significantly lower velocity and distance 

traveled than either IL-6 tg +/− or IL-6 tg −/− mice (Fig. 1D). There was no significant 

difference in velocity or distance traveled between IL-6 tg +/− and IL-6 tg −/− mice.

Center entries showed a significant genotypic difference (F(2,66) = 20.79, p < 0.001) but no 

sex difference or genotype x sex interaction during the 60 min testing period (Fig. 2E). The 

number of center entries were similar for IL-6 tg +/− and IL-6 tg −/− mice. There were no 

significant genotype differences in the time spent in the field center, and no genotype x sex 

interaction (Fig. 1F). Analysis of mean values for combined data followed by post hoc tests 

showed a significant genotypic difference for center entries (F(2,69) = 19.38, p <0.0001) 

with IL-6 tg +/+ animals having a significantly lower number of center entries than IL-6 tg 

+/− or IL-6 tg −/− mice (Tukey’s)(Fig. 1G). Taken together, these results suggest that IL-6 

affected activity levels rather than anxiety-like behavior in this test.

Grooming and number of wall rearings and open rearings were also assessed. There was no 

genotypic difference for grooming, wall rearings, or open rearings (data not shown).

3.1.3. IL-6 tg +/+ mice show decreased digging behavior—There was a 

significant effect of genotype on digging bouts (F(2,66) = 7.7, p = 0.001). IL-6 tg +/+ mice 

had significantly fewer bouts than either IL-6 tg +/− (p = 0.007) or IL-6 tg −/− mice (p = 

0.002). There was no sex difference or genotype x sex interaction. Average numbers of bouts 

were 7.88 ± 0.81 for IL-6 tg −/− mice, 8.29 ± 0.77 for IL-6 tg +/− mice, and 4.29 ± 0.86 for 

IL-6 tg +/+ mice.

3.1.4. No genotypic difference in depressive-like behavior in the tail 
suspension test—There were no genotypic differences in immobility in the tail 

suspension test. While there was an overall sex difference (F(1,100) = 18.57, p < 0.0001) 

with females having less immobility than males, there was no genotype x sex interaction, 

suggesting that the sexes were not differentially affected by IL-6 expression levels (data not 

shown).
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3.1.5. IL-6 tg +/+ mice show greater depressive-like behavior in the forced 
swim test—Analysis of immobility during the forced swim test showed a significant 

genotypic difference (F(2,107) = 6.129, p = 0.003), but no sex difference or genotype x sex 

interaction (Fig. 1H). Post hoc tests (Tukey’s) showed that the IL-6 tg +/+ mice had 

significantly higher immobility than IL-6 tg −/− mice, indicating enhanced depressive-like 

behavior and/or passive stress coping strategy in the IL-6 tg +/+ mice. Immobility for the 

IL-6 tg +/− mice was intermediate and was significantly different from the IL-6 tg +/+ mice 

but not the IL-6 tg −/− mice.

3.2. Neuronal excitability and GABAergic synaptic transmission are altered in the central 
amygdala of IL-6 transgenic mice

Results from the above behavioral studies, summarized in Table 1, indicate that elevated 

expression of IL-6 in the CNS can modulate exploratory and depressive-like behaviors. 

These results are consistent with recent studies showing that repetitive administration of 

IL-6 into the amygdala or hippocampus of rats increases the immobility time in the forced 

swim test (Wu and Lin, 2008), a change that is thought to reflect increased depressive-like 

behavior. Although, we recently reported significant neuronal alterations in the hippocampus 

of IL-6 tg mice (Hernandez et al., 2016; Nelson et al., 2012), the functional characterization 

of the central amygdala in IL-6 tg mice is still lacking. Thus, here we sought to investigate 

the potential role of IL-6 signaling on intrinsic membrane properties and inhibitory synaptic 

transmission of neurons in the medial subdivision of the central amygdala (CeA) in brain 

slices obtained from IL-6 tg −/−, IL-6 tg +/− and IL-6 tg +/+ mice.

3.2.1. Intrinsic membrane properties are altered in CeA neurons of IL-6 tg +/+ 
mice—Intrinsic passive and active membrane properties of neurons in the CeA of IL-6 tg −/

−, IL-6 tg +/− and IL-6 tg +/+ mice were determined from I-V relationships in current clamp 

mode (Fig. 2)(Table 2,3).

Statistical differences in intrinsic membrane and spike properties between the groups were 

calculated using one-way ANOVA followed by a post-hoc mean comparison (Tukey’s). 

Most membrane properties did not differ significantly between genotypes including 

membrane resistance (Rm), hyperpolarization-activated Ih-currents determined from the 

membrane voltage sag, and afterdepolarization (ADP) at the initial phase and the end of the 

hyperpolarizing pulse, respectively (Table 2). However, a significant genotypic difference in 

membrane capacitance (Cm) (F(2,143) = 7.06, p = 0.001) was observed, with IL-6 tg +/+ 

CeA neurons showing a significantly decreased Cm compared to CeA neurons from IL-6 tg 

−/− mice and IL-6 tg +/− mice (Table 2). Significant differences in Cm were not observed 

between neurons from IL-6 tg +/− and IL-6 tg −/− mice. The reduced membrane capacitance 

of the CeA neurons in the IL-6 tg +/+ mice suggests that IL-6 exposure may alter neuronal 

structure (e.g., size, morphology, dendritic arborization, membrane surface area) or the 

capacity of the membrane to store charge.

Active membrane excitability of CeA neurons was assessed by measurement of spike firing 

characteristics (Fig. 2). Spike threshold and spike amplitude showed no genotypic 

difference. However, the spike half-width reflecting the rate of de- and re-polarization was 
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significantly reduced in CeA neurons of IL-6 tg +/+ mice compared to CeA neurons of IL-6 

tg −/− mice (F(2,146) = 5.20, p = 0.007; Tukey’s p < 0.05), whereas no differences were 

observed between IL-6 tg +/− and IL-6 tg −/− mice or between CeA neurons from IL6 tg+/+ 

and IL-6 tg+/− mice. Significant differences were also observed for spike latency (F(2,109) 

= 9.99; p = 0.0001), with CeA neurons from IL-6 tg −/− mice showing a significantly longer 

spike latency than CeA neurons from either the IL-6 tg +/+ or IL-6 tg +/− mice. Additional 

significant differences between spike characteristics of CeA neurons from IL-6 tg +/+ mice 

compared to CeA neurons from IL-6 tg −/− mice included an increase in relative cumulative 

number of spikes (# of spikes/3 current steps) (F(2,141) = 3.75; p = 0.03; Tukey’s p < 0.05), 

increased positive spike slopes (F(2,146) = 6.08, p = 0.003; Tukey’s p < 0.01 and enhanced 

negative spike slopes (F(2,146) = 183, p = 0.001, Tukey’s p < 0.001). In general, these spike 

characteristics of CeA neurons from IL-6 tg +/− mice were intermediate to that of IL-6 tg −/

− and IL-6 tg +/+ mice and did not differ significantly from either IL-6 tg +/+ and IL-6 tg −/

−. Results are summarized in Table 3. Taken together, these results indicate increased 

neuronal excitability of the CeA neurons of IL-6 tg +/+ mice compared to CeA neurons from 

IL-6 tg −/− mice.

3.2.2. Inhibitory synaptic responses are altered in CeA neurons of IL-6 tg +/+ 
mice—Modulation of inhibitory GABAergic circuits plays an important role in anxiety-like 

and depressive-like behaviors (Engin et al., 2018; Kalueff and Nutt, 2007; Smith and 

Rudolph, 2012). To assess whether the increased IL-6 expression in IL-6 tg mice was 

associated with alterations in GABAA-receptor mediated synaptic transmission in the CeA, 

we recorded action-potential independent, miniature inhibitory postsynaptic currents 

(mIPSCs; tetrodotoxin (TTX)-sensitive) and action-potential dependent, spontaneous IPSCs 

(sIPSCs). Representative mIPSC and sIPSC recordings are shown in Figure 3 A–D. There 

was no significant genotypic difference in mIPSC frequencies, or in sIPSC frequencies (Fig. 

3, E,H)(Table S1) indicating that increased astrocyte IL-6 expression does not alter either 

spontaneous action-potential independent or action-potential dependent GABA release.

In contrast, there was a main effect of genotype on mIPSC amplitudes (F(2,45) = 6.52, p = 

0.003); post hoc tests (Tukey’s) revealed that mIPSC amplitudes from IL-6 tg +/+ mice were 

significantly larger compared to mIPSC amplitudes from IL-6 tg −/− (p = 0.004) and IL-6 tg 
+/− (p = 0.03) mice (Fig. 3B,F) (Table S1). Similarly, there was a main effect of genotype on 

sIPSC amplitudes (F(2,35) = 4.17, p = 0.024); post hoc tests (Tukey’s) showed that sIPSC 

amplitudes were also significantly larger in the CeA of IL-6 tg +/+ mice compared to IL-6 tg 
−/− (p = 0.04), but not compared to IL-6 tg +/− (p = 0.11) mice (Fig. 3I)(Table S1).

No significant differences in mIPSC and sIPSC current kinetics including rise time and 

decay times were detected (Fig. 3G,J)(Table S1). These results indicate that increased IL-6 

expression enhances postsynaptic GABAA receptor-function in the CeA.

3.3. CNS excitability during alcohol withdrawal is enhanced in IL-6 transgenic mice

The electrophysiological results (Fig. 2,3) from the CeA, a brain region that plays a central 

role in exploratory response to novelty and depression-like behaviors, show that elevated 

levels of IL-6 in the CNS affect membrane excitability and GABAergic synaptic 
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transmission. Increased sensitivity to novelty (i.e. decreased exploration) and depression-like 

behaviors are also symptoms of withdrawal from excessive alcohol use, as are increases in 

membrane excitability and altered GABAergic transmission. Our previous studies showed 

that IL-6 tg +/− mice showed increased CNS excitability during acute alcohol withdrawal 

compared to IL-6 tg −/− mice in the handling-induced convulsions test (HIC) (Hernandez et 

al., 2016). Alcohol exposure/consumption and/or withdrawal have been shown to increase 

IL-6 levels in the CNS (Alfonso-Loeches et al., 2010; Baxter-Potter et al., 2017; Doremus-

Fitzwater et al., 2014; Emanuele et al., 2005; Gano et al., 2016; Kane et al., 2013; Zhang et 

al., 2014), which could contribute to the withdrawal symptoms. The IL-6 tg +/+ mice show 

greater expression of IL-6 and more prominent alterations in behavioral and physiological 

properties than IL-6 tg +/− and IL-6 tg −/− mice, but it is unknown if they show greater CNS 

excitability during withdrawal. To address this question, we subjected IL-6 tg +/+, IL-6 tg +/

− and IL-6 tg −/− mice to a high dose of acute alcohol (4 g/kg i.p.), an alcohol exposure 

paradigm that produces a mild form of alcohol dependence (Crabbe et al., 1991), and 

measured their behavior in the HIC test.

Measurements (i.e., HIC scoring) were made prior to administration of alcohol and every 2 

hr post-alcohol up to 24 hrs. There were no significant differences between groups in 

baseline HIC scores. Using the sum of scores between 2 and 24 hr as a measure of the area 

under the curve, there was an overall effect of genotype (F(2,110) = 6.1, p = 0.003), with 

both IL-6 tg +/+ and IL-6 tg +/− mice showing a greater acute alcohol withdrawal response 

than IL-6 tg −/− mice (Fig. 4). Examination of the time course post-alcohol using repeated 

measures ANOVA revealed a significant effect of genotype (F(2,106) = 6.35, p = 0.0025), 

but no sex difference or genotype x sex interaction. However, there was a significant time 

effect (F(11,1166) = 65.16, p < 0.0001) and genotype x time interaction (F(22,1166) = 2.26, 

p = 0.0008). IL-6 tg +/− mice had higher HIC scores than IL-6 tg −/− mice at 8, 10, 12, 14, 

18, 20, and 22 hr post alcohol and IL-6 tg +/+ mice had higher HIC scores than IL-6 tg −/− 

mice at 18, 20 and 22 hr post alcohol. Taken together, these data indicate that increased IL-6 

expression is associated with increased neuronal excitability during acute alcohol 

withdrawal.

3.4. IL-6 levels in the CNS varies according to genotype

IL-6 is expressed in several CNS regions, including the amygdala and hippocampus 

(Schobitz et al., 1993; Su et al., 2015). However, sufficient tissue was not available from 

these regions for our ELISA measurement of IL-6 levels. Therefore, IL-6 levels were 

determined in cerebellum, a CNS region that provided sufficient tissue for the assay, from a 

cohort of alcohol naïve mice and mice tested in the HIC studies. The cerebellum of the IL-6 

tg mice expresses a high level of IL-6 mRNA (Campbell et al., 1993) and presumably 

protein. For alcohol-exposed mice, the cerebellum was obtained at the end of the 24 hr 

withdrawal period.

A significant genotype (F(2,61) = 20.97, p < 0.0001) and treatment (F(1,61) = 7.59, p = 

0.008) difference in cerebellar IL-6 levels was observed, but there was no genotype x 

treatment interaction (Fig. S1). Post hoc tests (Fisher’s PLSD) indicated that there was a 

significant difference between all genotypes (p < 0.0002) and between naïve and alcohol 
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exposed/withdrawn cerebellum (p = 0.02). The highest IL-6 levels were observed in 

cerebellum from IL-6 tg +/+ mice, under both alcohol naïve and alcohol exposed/withdrawn 

conditions (Fig. S1). IL-6 levels were significantly higher in cerebellum from alcohol 

exposed/withdrawn IL-6 tg +/− (U = 44.0, n1 = 16, n2 = 12, p = 0.02, Mann Whitney) and 

IL-6 tg −/− mice (F(1,23) = 6.86, p = 0.02) mice than alcohol naïve cerebellum of the same 

genotype. Cerebellum from alcohol exposed/withdrawn IL-6 +/+ mice did not show a 

significant difference from alcohol naïve cerebellum from IL-6 +/+ mice, probably due to 

variability in the alcohol-treated samples.

3.5. Protein activation/expression is altered in IL-6 transgenic mice

Results from our studies on anxiety-like and depressive-like behavior show that elevated 

expression of IL-6 in the CNS can alter these behaviors, primarily in the IL-6 tg +/+ mice. 

Results from the HIC studies show that elevated expression of IL-6 in the CNS can influence 

the magnitude of CNS excitability during alcohol withdrawal, with both IL-6 tg +/+ and 

IL-6 tg +/− mice showing significantly higher HIC scores than IL-6 tg −/− mice during the 

later phase of withdrawal (12–24 hr). Electrophysiological studies of CeA show that elevated 

levels of IL-6 in the CNS affect membrane excitability and GABAergic synaptic 

transmission. To identify potential factors that contributed to the genotypic differences in 

alcohol naïve and alcohol exposed/withdrawn mice, we examined the levels of protein 

activation/expression in hippocampus obtained from alcohol naïve and alcohol exposed/

withdrawn IL-6 tg +/+, IL-6 tg +/− and IL-6 tg −/− mice. IL-6 signal transduction 

components and proteins involved in inhibitory GABAergic synaptic transmission were 

examined. The alcohol exposed/withdrawn mice were studied at the end of the 24 hr 

withdrawal period. The hippocampus was studied because it is known to be a modulator of 

anxiety-like and depression-like behavior (Collinson et al., 2002). Also, the hippocampus is 

a sensitive target of alcohol action, and sufficient tissue could be obtained from this brain 

region for assays. Moreover, IL-6 and IL-6R mRNA are expressed in high levels in the 

hippocampus (Gadient and Otten, 1994), and a high number of transgene-expressing 

astrocytes are present in the hippocampus of the IL-6 tg mice (Vallieres et al., 2002). Results 

are summarized in Table 4.

3.5.1. STAT3—STAT3 is a primary signal transduction partner of the IL-6 receptor and 

an important regulator of gene transcription. STAT3 levels in hippocampus from alcohol 

naive IL-6 tg +/+, IL-6 tg +/− and IL-6 tg −/− mice showed a significant genotypic 

difference (F(2,27) = 6.81, p < 0.004), with significantly higher levels of STAT3 in 

hippocampus from IL-6 tg +/+ (p = 0.001) and IL-6 tg +/− (p = 0.049) mice compared to 

hippocampus from IL-6 tg −/− mice (Post hoc analysis, Fisher’s PLSD)(Fig. 5A). There was 

no significant difference in STAT3 levels between hippocampus from IL-6 tg +/+ and IL-6 tg 

+/− mice (p = 0.12).

STAT3 levels in hippocampus from alcohol treated and alcohol naive IL-6 tg +/+, IL-6 tg +/

− and IL-6 tg −/− mice showed a significant genotypic difference (F(2,61) = 18.58, p < 

0.0001) but no treatment effect. Comparisons of STAT3 levels between hippocampus from 

alcohol treated and alcohol naive mice of the same genotype showed no significant treatment 

effect for all three genotypes (Fig. 5B).
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3.5.2. pSTAT3—Levels of pSTAT3, the activated form of STAT3, in hippocampus from 

alcohol naïve IL-6 tg +/+, IL-6 tg +/− and IL-6 tg −/− mice showed a significant genotypic 

difference (F(2,28) = 19.81, p = <0.0001). As for STAT3 levels, pSTAT3 levels were 

significantly higher (p < 0.05, Post hoc analysis, Fisher’s PLSD) in hippocampus from IL-6 

tg +/+ and IL-6 tg +/− mice compared with hippocampus from IL-6 tg −/− mice. pSTAT3 

levels in hippocampus from IL-6 tg +/+ mice were significantly higher than for 

hippocampus from IL-6 tg +/− mice (Fig. 5B).

Comparison of pSTAT3 levels in hippocampus from alcohol treated and alcohol naive IL-6 

tg +/+, IL-6 tg +/− and IL-6 tg −/− mice showed a significant genotypic difference (F(2,52) 

= 12.59, p = 0.0001) and treatment effect (F(1,51) = 13.58, p = 0.0005). Further analysis 

within genotypes revealed that pSTAT3 levels were significantly higher in hippocampi from 

alcohol treated mice compared to the respective alcohol naive mice for all three genotypes 

(IL-6 tg −/−, F(1,18) = 4.87, p = 0.04; IL-6 tg +/−, U = 14, n1 = 8, n2 = 10, p = 0.02; IL-6 tg 

+/+, U = 30, n1 = 11, n2 = 12, p = 0.03; Mann-Whitney test) (Fig. 5D). These results suggest 

that IL-6 levels are higher in alcohol-treated hippocampus than in alcohol naïve 

hippocampus for all genotypes.

3.5.3. GFAP—GFAP is a downstream target of pSTAT3 gene regulation (Herrmann et al., 

2008). In alcohol naïve mice, GFAP levels in hippocampus from IL-6 tg +/+, IL-6 tg +/− and 

IL-6 tg −/− mice were significantly different (F(2,20) = 10.81, p < 0.0007). Post hoc tests 

(Fisher’s PLSD) indicated that GFAP levels in hippocampus from IL-6 tg +/+ and IL-6 +/− 

mice were significantly higher (p < 0.05) than in hippocampus from IL-6 −/− mice (Fig. 

5D). There was no significant difference in GFAP levels between hippocampus from IL-6 

+/+ and IL-6 +/− mice. Thus, although levels of pSTAT3 showed a gene-dose related 

increase, a gene-dose relationship was not observed for GFAP. This difference could reflect 

downstream regulatory mechanisms that can affect gene-dose relationships or the 

involvement of multiple cell types in the increased pSTAT3 levels.

Comparison of GFAP levels in hippocampus from alcohol treated and alcohol naïve IL-6 tg 

+/+, IL-6 tg +/− and IL-6 tg−/− mice showed a significant genotypic difference (F(2,39) = 

45.23, p < 0.0001) and treatment effect (F(1,39) = 22.79, p < 0.0001)(Fig. 5E). 

Hippocampus from alcohol treated mice showed a significantly higher GFAP level than 

hippocampus from alcohol naive mice of the same genotype for all genotypes (IL-6 +/+, U = 

7.0, n1 = 10, n2 = 7, p = 0.006; IL-6 +/−, F(1,16) = 7.10, p = 0.02; IL-6 −/−, U = 11.0, n1 = 

10, n2 = 6, p = 0.04) (Fig. 5E). These results are consistent with the higher level of pSTAT3 

(a regulator of GFAP expression), in alcohol-treated mice for all genotypes.

3.5.4. GABAAR alpha-5—The GABAAR alpha-5 subunit is prominently expressed in 

CA1 and CA3 regions of the hippocampus (Wisden et al., 1992), where GABAARs 

incorporating alpha-5 subunits mediate tonic inhibition (Glykys et al., 2008; Luscher and 

Keller, 2004). For alcohol naive mice, there was a significant genotypic difference in 

GABAAR alpha-5 levels (F(2,27) = 4.32, p= 0.023) between hippocampus from IL-6 tg +/+, 

IL-6 tg +/− mice and IL-6 tg −/− mice. GABAAR alpha-5 levels in hippocampus from IL-6 

tg +/+ mice and IL-6 tg +/− mice were significantly higher than in hippocampus from IL-6 

−/− mice (p < 0.05, Fisher’s PLSD post hoc test). There was no significant difference in 
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GABAAR alpha-5 levels between hippocampus from IL-6 tg +/+ and IL-6 tg +/− mice (Fig. 

6A).

Analysis of GABAAR alpha-5 levels in hippocampus from alcohol-treated and alcohol naïve 

IL-6 tg +/+, IL-6 tg +/− and IL-6 tg −/− mice showed a significant genotype difference and 

treatment effect (genotype, F(2,64) = 9.24, p = 0.0003; treatment, F(1,64) = 18.66, p 
<0.0001). Within genotype comparison of GABAAR alpha-5 levels between hippocampus 

from alcohol treated and alcohol naive mice showed a significant decrease in GABAAR 

alpha-5 levels in hippocampus from alcohol treated mice for all genotypes (IL-6 tg +/+, 

F(1,21) = 5.49, p = 0.03; IL-6 tg +/−, U = 24.0, n1 = 14, n2 = 11, p = 0.004; IL-6 tg −/−, U = 

15.0, n1 = 14, n2 = 8, p = 0.005) (Fig. 6B). These results suggest that reduced tonic 

inhibition in the hippocampus could contribute to the increased excitability during alcohol 

withdrawal in all genotypes.

3.5.5. GABAAR alpha-1—GABAAR incorporating alpha-1 subunits mediate phasic 

inhibitory neurotransmission and are also widely expressed in the hippocampus (Mody, 

2001; Wisden et al., 1992). There was no significant genotypic difference in the levels of 

GABAAR alpha-1 in hippocampus from alcohol naïve IL-6 tg +/+, IL-6 tg +/− and IL-6 tg 

−/− mice (Fig. 6C). Comparison of GABAAR alpha-1 levels between hippocampus from 

alcohol treated and alcohol naïve IL-6 tg +/+, IL-6 tg +/− and IL-6 tg −/− mice also showed 

no significant genotype differences, but a significant treatment effect (F(1,60) = 6.74, p = 

0.012) and genotype x treatment interaction (F(2,60) = 5.18, p = 0.009).

Within genotype comparisons showed a significant increase in GABAAR alpha-1 levels in 

hippocampus from alcohol treated IL-6 tg +/+ mice compared to alcohol naïve IL-6 tg +/+ 

mice (U = 12.0, n1 = 11, n2 = 10, p = 0.003). Hippocampus from alcohol treated IL-6 tg +/− 

and IL-6 tg −/− mice showed no significant treatment effect compared to the respective 

alcohol naïve mice (Fig. 6D).

3.5.6. GAD 65/67—GAD 65 and GAD 67 are isomers of the synthetic enzyme for the 

inhibitory transmitter GABA. GAD 65 is primarily located in axon terminals, whereas 

GAD67 is located in cell bodies. In hippocampus from alcohol naive IL-6 tg +/+, IL-6 tg +/− 

and IL-6 tg −/− mice, GAD 65 levels showed a significant genotypic difference (F(2,26) = 

5.03, p = 0.01), with GAD 65 levels in hippocampus from IL-6 tg +/+ and IL-6 tg +/− mice 

significantly lower than GAD 65 levels in hippocampus from IL-6 tg −/− mice (Fisher’s 

PLSD post hoc test, (p <0.05). There was no significant difference in GAD 65 levels 

between hippocampus from IL-6 tg +/+ and IL-6 tg +/− mice (Fig. 6E). Similar results were 

observed for GAD 67 levels in hippocampus from alcohol naïve mice (F(2,26) = 4.48, p = 

0.012), with significantly lower levels of GAD 67 in hippocampus from alcohol naive IL-6 

tg +/+ and IL-6 tg +/− mice compared to hippocampus from alcohol naive IL-6 tg −/− mice 

(p <0.05). There was no significant difference in GAD 67 levels between hippocampus from 

alcohol naive IL-6 tg +/+ and IL-6 tg +/− mice (Fig. 6E).

GAD 65 levels in hippocampus from alcohol treated and alcohol naïve IL-6 tg +/+, IL-6 tg 

+/− and IL-6 tg −/− mice showed a significant genotype difference (F(2,62) = 5.40, p = 

0.007) and treatment effect (F(1,62) = 4.95, p = 0.03). Comparison of GAD 65 levels 
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between hippocampus from alcohol treated and alcohol naive mice of the same genotype 

showed no significant treatment effect for hippocampus from IL-6 tg +/+ or IL-6 tg +/−mice, 

but a significant decrease in GAD 65 levels for alcohol treated IL-6 tg −/− mice (U = 15.0, 

n1 = 13, n2 = 8, p = 0.008)(Fig. 6F).

There was no significant genotype difference or treatment effect for GAD 67 levels in 

hippocampus from alcohol treated and alcohol naïve IL-6 tg +/+, IL-6 tg +/− and IL-6 tg −/− 

mice, but a significant genotype x treatment interaction (F(2,62) = 3.88, p = 0.03)(Fig. 6E). 

Within genotype comparison of GAD 67 levels in hippocampus from alcohol treated and 

alcohol naive mice showed no significant treatment effect for IL-6 tg +/+ and IL-6 tg +/

−mice, but a significant decrease in GAD 67 levels for alcohol treated IL-6 tg −/− mice (U = 

16.0, n1 = 13, n2 = 8, p = 0.009)(Fig. 6G). Thus, GAD 65/67 levels in hippocampus from 

IL-6 tg +/+ and IL-6 tg +/− mice were lower than in the hippocampus from IL-6 tg −/− mice 

and were not sensitive to alcohol, whereas alcohol reduced GAD 65/67 levels in 

hippocampus from IL-6 tg −/− mice to a value similar to that found in hippocampus from 

IL-6 tg +/+ and IL-6 tg +/− mice.

3.5.7. Neuron specific enolase (enolase 2)—Enolase 2 is an enzyme that is 

expressed by neurons and is commonly used a specific marker for neurons. There was no 

significant genotypic difference or treatment effect between IL-6 tg +/+, IL-6 tg +/− and 

IL-6 tg −/− mice in the levels of the neuron specific enolase (not shown) The lack of an 

alcohol-induced change in enolase levels suggests that neither IL-6 nor alcohol treatment 

had a significant toxic effect on the neuronal population in the hippocampus under the 

conditions of our experiment.

4. Discussion

The current studies focus on the consequences of increased expression of IL-6 in the CNS of 

IL-6 transgenic mice with respect to specific mouse behaviors, as well as the function of 

neurons and synapses, and expression/activation of synaptic and IL-6 signal transduction 

proteins in brain regions relevant to the behaviors. The increased IL-6 expression in the CNS 

of the transgenic mice was accomplished through genetic modification of astrocytes, which 

are a primary source of IL-6 in the CNS (Campbell et al., 1993). Thus, alterations in the IL-6 

transgenic mice are presumably initiated by astrocyte secretion of IL-6 in the CNS, although 

other cell types could be activated by the actions of astrocyte secreted IL-6 and further 

contribute to IL-6 levels. Results show a prominent effect of IL-6 on behaviors associated 

with emotionality, and cellular and synaptic mechanisms that underlie the behaviors.

4.1. Emotionality

Results from our behavioral studies of IL-6 tg mice support a role for IL-6 in exploration in 

novel environments and depressive-like and/or stress-coping behavior. IL-6 tg +/+ mice, 

which expressed the highest level of IL-6 in the CNS among the three genotypes, showed 

decreased activity/exploration in the light/dark transfer, open field, and digging tests 

compared to IL-6 tg −/− mice. There was no significant difference between IL-6 tg +/− and 

IL-6 tg −/− mice in these tests, perhaps because the animals were too young to express the 

full heterozygous phenotype (Gyengesi et al., 2019; Heyser et al., 1997). Previous studies of 
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IL-6 tg +/+ and IL-6 tg +/− mice have shown that some behaviors show age dependency. For 

example, deficits in avoidance learning were age dependent, with IL-6 tg +/+ mice 

expressing deficits at an earlier age (3–6 months of age) than IL-6 tg +/− (6–12 months of 

age) (Heyser et al., 1997).

Total IL-6 KO (Armario et al., 1998; Baier et al., 2009) and Ast IL-6 KO mice, which 

express reduced astrocyte expression of IL-6 (Erta et al., 2015; Quintana et al., 2013), also 

exhibit decreased activity levels in novel environments (except see Butterweck et al., 2003). 

Thus, both increased and decreased IL-6 levels can result in a decreased response to novelty, 

a situation that suggests that astrocyte produced IL-6 may play a role as a homeostatic 

regulator of responses to novelty. Interestingly, deficits in cognitive function also occur with 

both an excess and deficit of IL-6 in the CNS (Heyser et al., 1997; Ma and Zhu, 1997; Baier 

et al., 2009), as does susceptibility to kainate induced seizures (Penkowa et al., 2001; 

Samland et al., 2003). As these behaviors involve a variety of brain regions and circuitries 

(sensory, motor, stress, emotion), the increased and decreased IL-6 may produce these 

effects through different mechanisms.

IL-6 tg +/+ mice showed greater immobility in the forced swim test, but not in the tail 

suspension test compared to control. Interestingly, Ast-IL-6 KO male mice and IL-6 KO 

mice exhibited less immobility in the tail suspension test compared to controls (Chourbaji et 

al., 2006; Erta et al., 2015). These results support a role for IL-6 in the behavioral response 

to inescapable stressors, although IL-6 involvement may vary across behavioral test. One 

reason for the variability across these tests is that they were validated as tests of anti-

depressant drug effects and not necessary intended for use to reveal genotypic differences in 

depressive-like behavior. Indeed, the growing consensus is that these tests represent coping 

strategy upon exposure to inescapable stressors (Commons et al., 2017; Molendijk and de 

Kloet, 2019) and not, as has historically been the interpretation, differing depressive-like 

states. However, it has been argued that analysis of genetically modified mice in these tests 

represents an important and still growing strategy in elucidating new mechanistic approaches 

for developing novel treatments for various medical disorders, including depression (Cryan 

and Mombereau, 2004). Others have shown sex, age, and behavioral test-dependent actions 

of IL-6 (Blednov et al., 2012; Erta et al., 2015), suggesting a complex interaction between 

IL-6, CNS cells and CNS circuitry.

4.2. Neuronal and synaptic function in the CeA

Both the amygdala and hippocampus play a central role in emotionality (Adhikari, 2014; 

Caliskan and Stork, 2018). Thus, IL-6 effects on these brain regions could contribute to the 

genotypic differences in behavior observed in the current studies. One potential action of 

IL-6 that could affect the function of these brain regions is an alteration in neuronal or 

synaptic physiology.

The neurocircuits mediating emotionality are complex, but dysregulation of GABAergic 

inhibition in the amygdala is known to play a key role (Babaev et al., 2018; Gilpin et al., 

2015; Herman et al., 2016). The CeA is primarily comprised of inhibitory GABAergic 

neurons and is a primary output region of the amygdala complex. Thus, we examined 
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excitability and GABAergic synaptic transmission in CeA neurons from IL-6 +/+, IL-6 +/− 

and IL-6 tg −/− mice.

Results from these physiological studies showed that CeA neurons from IL-6 tg +/+ mice 

exhibited enhanced neuronal excitability and GABAergic synaptic transmission compared to 

CeA neurons from IL-6 tg −/− mice. There was no difference in neuronal excitability and 

GABAergic synaptic transmission between CeA neurons from IL-6 tg +/− and IL-6 tg −/− 

mice. Thus, results from behavioral and physiological studies are in accordance, with 

significant genotypic differences between IL-6 tg +/+ and IL-6 tg −/− mice but not between 

IL-6 +/− and IL-6 tg −/− mice. These results support a role for IL-6 in the amygdala in 

emotion-related behaviors. These physiological changes presumably involved STAT3, the 

signal transduction partner of IL-6. STAT3 activation was not measured in the amygdala in 

the current studies. However, IL-6 has been shown to alter amygdala-dependent behavior 

(auditory fear conditioning) via STAT3 activation (Hao et al., 2014).

4.3. Proteins involved in inhibitory synaptic transmission in the hippocampus

In addition to physiological studies, we carried out Western blot studies to identify changes 

in protein expression that could impact synaptic function in neurocircuits involved in 

emotionality. These studies were carried out in the hippocampus, a brain region that also 

plays an important role in emotionality. The hippocampus expresses many of the same 

synaptic proteins as the amygdala (Fritschy and Mohler, 1995), and thus changes in protein 

levels in the hippocampus can potentially inform on changes in levels in the amygdala and 

other brain regions. Because of its size and anatomically well-defined boundaries, the 

hippocampus was technically advantageous to use for our Western blot studies..

No genotypic difference was observed in the level of the GABAAR alpha 1 subunit. 

However, hippocampus from IL-6 tg +/+ and IL-6 tg +/− mice showed a significant increase 

in the level of the alpha-5 subunit, which is expressed in GABAA receptors involved in tonic 

inhibition, and these receptors are prominently expressed in the hippocampus (Pirker et al., 

2000).

Several drugs that act at GABAARs containing the alpha-5 subunit are being examined as 

potential therapeutic agents for anxiety. L-655,708, a selective partial inverse agonist of 

alpha-5 subunit containing GABAARs increased anxiety-like behavior in mice, indicating 

reduced levels of the alpha-5 subunit are associated with increased anxiety (Navarro et al., 

2002). In our studies IL-6 tg +/+ mice expressed increased levels of the alpha-5 subunit in 

the hippocampus but showed reduced responses to novelty, suggesting a lack of involvement 

of hippocampal GABAARs containing alpha-5 subunit in this behavior in the IL-6 tg +/+ 

mice.

Drugs that act as negative modulators of GABAARs containing the GABAAR alpha-5 

subunit also have antidepressant-like activity (Fischell et al., 2015; Xu et al., 2018; Zanos et 

al., 2017). RY-080, a negative allosteric modulator of GABAARs containing the GABAAR 

alpha-5 subunit, produced a prominent dose-dependent reduction in immobility in the forced 

swim test, indicating the ability to reduce depressive-like behavior (Xu et al., 2018). In our 

studies, IL-6 tg +/+ mice had a higher level of immobility than IL-6 tg −/− mice in the 

Roberts et al. Page 18

Brain Behav Immun. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



forced swim test, indicative of a higher level of depressive-like behavior. Thus, increased 

levels of alpha-5 subunit in the hippocampus of IL-6 tg +/+ mice could contribute to the 

increased depressive-like behavior observed in the forced swim test.

However, IL-6 tg +/− also showed increased levels of alpha-5 subunit but no change in 

emotionality. These results argue against the increased levels of alpha-5 subunits in the 

hippocampus as the only mechanism responsible for these behavioral effects, although it 

could be a contributing factor by changing the inhibition/excitation balance in neurocircuitry 

involved in these behaviors.

The increased levels of the alpha-5 subunit in the hippocampus of IL-6 tg +/+ and IL-6 tg +/

− mice could also contribute to the reduced performance in memory tasks observed in 

previous studies of these genotypes (Heyser et al., 1997). Reduced levels of the alpha-5 

subunit in the hippocampus are associated with increased performance in memory and 

learning tasks (Collinson et al., 2002), whereas increases in levels of the alpha-5 subunit in 

response to drugs (Zurek et al., 2014) or inflammation (Wang et al., 2012) are associated 

with memory deficits.

Alterations in the levels of GAD 65/67, the synthetic enzymes for GABA, are also thought 

to be involved in emotionality, with reduced levels of GAD67 associated with increased 

depression and reduced levels of GAD 65 associated with increased anxiety. Lower levels of 

GAD 67 were observed in postmortem samples from hippocampus and other brain regions 

of humans with depressive disorders (Gao et al., 2013; Karolewicz et al., 2010; Thompson 

Ray et al., 2011), whereas GAD 65 levels were increased in the hippocampus of mice after 

repeated administration of honokiol, a drug with anxiolytic action (Ku et al., 2011). In our 

studies, the levels of GAD 65/67 were reduced in hippocampus from IL-6 tg +/+ and IL-6 tg 

+/− mice, which could result in lower levels of synaptic GABA. The reduction in GAD 67 is 

consistent with the increased depressive-like behavior in the IL-6 tg +/+ mice, although 

GAD 67 was also reduced in the IL-6 tg +/− mice, which did not show increased depressive-

like behavior. Reduced GABA levels have been demonstrated in the hippocampus of animal 

models of depression (Gronli et al., 2007) and may be a factor in the increased levels of 

GABAAR-alpha 5 subunit, which could be a compensatory mechanism. Altered GABAARs 

expression has been reported for humans who suffered from depression (Choudary et al., 

2005).

4.5. Handling-induced convulsions (HIC)

A variety of symptoms are associated with alcohol withdrawal in both humans and animals 

including hyperexcitability, anxiety-like and depressive-like behaviors, and irritability 

(Becker, 2000; Hall and Zador, 1997). For example, increased excitability is known to occur 

in the hippocampus during alcohol withdrawal (Becker, 1994; Becker and Mulholland, 

2014; Little, 1999; Ripley et al., 1996; Veatch and Gonzalez, 1996), an effect that could 

involve decreased inhibitory influences mediated by GABAARs (Kang et al., 1996; Liang et 

al., 2004; Liang et al., 2006). Our Western blot studies showed that GABAAR alpha-5 

subunit levels were decreased in the hippocampus of alcohol withdrawn mice for all 

genotypes. GABAARs containing the alpha-5 subunit mediate tonic inhibition in the CA1 

and CA3 region of the hippocampus (Glykys et al., 2008; Luscher and Keller, 2004). These 
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receptors are an important target of alcohol action and have been shown to play a role in 

alcohol seeking behaviors (June et al., 2001). Previous studies of hippocampal neurons 

showed that acute alcohol exposure (60 mM) enhanced tonic GABA currents, whereas tonic 

GABA currents were decreased during withdrawal (Shen et al., 2011). Thus, the decrease in 

GABAAR alpha-5 subunit levels in the alcohol exposed/withdrawn transgenic mice could 

result in decreased tonic inhibition, resulting in increased excitability during alcohol 

withdrawal. The decrease in GABAAR alpha-5 subunit levels in the alcohol exposed/

withdrawn transgenic mice could also play a role in other symptoms associated with alcohol 

withdrawal such as anxiety-like behavior (Navarro et al., 2002).

Measurement of IL-6 levels in the cerebellum showed a gene-dose relationship under both 

alcohol naïve and alcohol exposed/withdrawn conditions, with the highest IL-6 in the IL-6 tg 

+/+ mice. Consistent with these results, measurement of the level of activated STAT3 

(pSTAT3), a primary downstream signal transduction partner of the IL6 receptor, in the 

hippocampus showed a gene-dose related increase from IL-6 tg +/+ and IL-6 tg +/− mice 

compared to hippocampus from IL-6 tg −/− mice, consistent with CNS production and 

secretion of IL-6 in the transgenic mice. Therefore, we anticipated that IL-6 tg +/+ mice 

would show the highest level of CNS excitability during alcohol withdrawal, which did not 

occur. Effects of alcohol exposure/withdrawal on expression of the GABAAR alpha-1 

subunit could be a contributing factor. Hippocampus from the alcohol exposed/withdrawn 

IL-6 tg +/+ mice showed significantly higher levels of the GABAAR alpha-1 subunit than 

hippocampus from alcohol exposed/withdrawn IL-6 tg +/− mice. The higher levels could 

have contributed to greater phasic inhibitory influences in IL-6 tg +/+ mice compared to 

IL-6 tg +/− and IL-6 tg −/− mice, and consequently lower excitability.

4.6. Summary

Taken together, our studies show an involvement of IL-6 in a several mouse behaviors, 

including a role in the amygdala as a regulator of responses to novelty and stressors, and in 

the hippocampus as a regulator of depression. Our studies also show an involvement of IL-6 

in hyperexcitability caused by alcohol withdrawal. In contrast, IL-6 was not involved in 

behaviors assessed by the tail suspension test or in grooming and rearing. Potential 

mechanisms mediating the altered behavior were identified and included neuroadaptive 

changes in neuronal excitability, inhibitory synaptic transmission and activation/expression 

of synaptic and signal transduction proteins. Overall these results are consistent with the 

idea that astrocyte produced IL-6 plays a significant role in CNS function.
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Highlights

• Persistent expression of IL-6 by astrocytes alters brain biology and behavior

• IL-6 plays a role in responses to novelty and depressive-like behavior

• GABAergic signaling and neuronal excitability in the amygdala are altered by 

IL-6

• IL-6 regulates expression of proteins involved in synaptic function

• Alcohol alters the function of IL-6 signal transduction pathways
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Figure 1. 
Performance in behavioral tests is altered in IL-6 tg +/+ mice. A. Light/dark transfer test: 

Mean (± SEM) values for time in light and number of transitions. B-C. Open field test: 

Mean (± SEM) values during the 60 min test period for distance traveled (B) and movement 

velocity (C). E-F. Number of center entries during the 60 min test period (E), and time spent 

in the center of the field (F). G. Mean (± SEM) values for combined data. H. Immobility in 

the forced swim test: Mean (± SEM) values for immobility during the 6 min test period. For 

studies in A-H, 24 mice of each genotype were used. * = significantly different from other 

genotypes. For B,C,E,F,H significance was determined by repeated measures ANOVA; for 

A,D,G, ANOVA was used.
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Figure 2. 
Intrinsic membrane and spike properties of CeA neurons are altered in IL-6 tg −/−, IL-6 tg 

+/−, and IL-6 tg +/+ mice. Sample recordings of membrane voltage responses to 50 pA 

depolarizing (top traces), 40 pA depolarizing (middle traces) and 120 pA hyperpolarizing 

(middle traces) current pulses (bottom traces) from neurons from IL-6 tg −/−, IL-6 tg +/−, 

and IL-6 tg +/+ mice are shown. Inset: Expanded spike shapes derived from spikes recorded 

at 50 pA current pulse showing genotypic differences in positive and negative spike slopes 

and half-width.
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Figure 3. 
CeA GABA transmission is increased in IL-6 tg +/+ mice. Representative (A) mIPSC and 

(C) sIPSC recordings from CeA neurons from IL-6 tg −/−, IL-6 tg +/− and IL-6 tg +/+ mice 

and scaled averages of a representative (B) CeA mIPSC and (D) CeA sIPSC recording are 

depicted. Data are represented as means ± S.E.M (E) of mIPSC frequencies, (F) mIPSC 

amplitudes, (G) mIPSC kinetics, (H) sIPSC frequencies, (I) sIPSC amplitudes as well as (J) 

sIPSC kinetics from 8–19 cells per group from 3 mice for each genotype. Statistical 

differences between the groups were calculated using one-way ANOVA followed by a post-

hoc mean comparison (Tukey’s). (*) indicates a significant difference. The number of cells 

(n) for each individual group is indicated in the respective bars.
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Figure 4. 
Increased CNS excitability during alcohol withdrawal is enhanced in IL-6 tg +/− and IL-6 tg 

+/+ mice. Graph shows mean ± SEM values for HIC scores measured at 2 hr intervals over a 

24 hr period. * = IL-6 tg +/− significantly different from IL-6 tg −/−, @ = IL-6 tg +/+ 

significantly different from IL-6 tg −/−.
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Figure 5. 
Protein activation/expression is altered in hippocampus from IL-6 tg +/− and IL6 tg +/+ 

mice. A. Relative levels of pSTAT3 and STAT3 in hippocampus from IL-6 tg −/−, IL-6 tg +/

− and IL-6 tg +/+ mice. B,C. STAT3 (D) and pSTAT3 (C) levels in hippocampus from 

alcohol naïve and alcohol exposed/withdrawn IL-6 tg −/−, IL-6 tg +/− and IL-6 tg +/+ mice. 

D,E. Relative levels of GFAP in hippocampus from alcohol naïve and alcohol exposed/

withdrawn IL-6 tg −/−, IL-6 tg +/− and IL-6 tg +/+ mice. For these and other graphs of 

Western blot data, parametric data are represented in bar graphs and nonparametric data are 

represented in box graphs. Representative samples of Western blots are shown below the 

respective bar or box graph. The top band of the Western blot is the protein of interest and 

the bottom band is beta-actin. N= naïve, A = exposed/withdrawn. Solid bars represent 

alcohol naïve samples and stripped bars represent alcohol exposed/withdrawn samples. Data 

analyzed by ANOVA are expressed as the mean ± SEM (bar graphs). For non-parametric 

data, median, maximum, and minimum values are shown (box plots; open circles are data 

points in box plots). * = significantly different from IL-6 tg −/− of the same treatment 
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group., # = significantly from alcohol naïve of the same genotype. @= significantly different 

from IL-6 +/−.
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Figure 6. 
Levels of proteins associated with GABAergic synaptic inhibition are altered in 

hippocampus from IL-6 tg +/− and IL-6 tg +/+ mice. A-G. Relative levels of GABAAR 

alpha-5 (A,B), GABAAR alpha-1 (C,D) and GAD 65/67 (E-G) in hippocampus from IL-6 tg 

−/−, IL-6 tg +/− and IL-6 tg +/+ mice. * = significantly different from IL-6 tg −/−, # = 

significantly different from alcohol naïve of the same genotype.
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Table 1.

Summary of behavioral results

Behavioral Test
Comparisons

IL-6 tg+/+ vs IL-6 tg −/− IL-6 tg+/+ vs IL-6 tg +/− IL-6 tg+/− vs IL-6 tg −/−

1. Light/Dark Transfer

 - time spent in light chamber ns ns ns

 - # of transitions ↓ ↓ ns

2. Open field test

 - distance ↓ ↓ ns

 - velocity ↓ ↓ ns

 - center entries ↓ ↓ ns

 - center time ns ns ns

3. Grooming, rearings ns ns ns

4. Digging bouts ↓ ↓ ns

5. Tail suspension test ns ns ns

6. Forced swim test

  Immobility ↑ ↑ ns

7. HIC score ↑ ↑ ns

↓= decrease, ↑= increase; ns = no significant difference
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Table 2.
Intrinsic membrane properties of CeA neurons from IL-6 tg −/−, IL-6 tg +/− and IL-6 tg 
+/+ mice.

The voltage sag and afterdepolarization (ADP) values were plotted against the level of the injected current and 

the corresponding relationships were fitted with linear functions. The slope of the linear fits is proportional 

with the magnitude of the voltage sag and ADP associated with the action of intrinsic h-current. The data are 

presented as mean ± SEM. Statistical significance * p < 0.05 was calculated by one-way ANOVA followed 

with Tukey’s test. For post-hoc group comparisons: * = significant difference for IL-6 tg −/− vs IL-6 tg +/+ (p 
< 0.01); # = significant difference for IL-6 tg +/− vs IL-6 tg +/+ mice (p < 0.01).

Animal group (# of cells) Capacitance (pF) Resistance (MΩ) Voltage Sag Slope (mV/pA) ADP Slope (mV/pA)

IL-6 tg −/− (n=51) 78.6 ± 3.2 432.9 ± 28.8 −0.071 ± 0.007 −0.074 ± 0.006

IL-6 tg +/− (n=36) 78.9 ± 6.3 516.9 ± 47.8 −0.080 ± 0.009 −0.085 ± 0.009

IL-6 tg +/+ (n=63) 63.6 ± 2.3 (*,#) 463.2 ± 22.6 −0.081 ± 0.006 −0.097 ± 0.007
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Table 3.
Action potential (spike) properties of CeA neurons from IL-6 tg −/−, IL-6 tg +/− and IL-6 
tg +/+ transgenic (tg) mice.

Spike After-hyperpolarization (AHP) after the first spike is calculated relative to the spike threshold. Maximal 

Positive Slope represents a maximal voltage slope under spike upshot phase (mediated primarily by Na+-

channels). Maximal Negative Slope represents a maximal voltage slope during spike falling phase (mediated 

primarily by K+-channels). The data are presented as mean ± SEM. Statistical significance was calculated with 

one way ANOVA followed by Tukey’s test. For post-hoc group comparisons: * = significant difference for 

IL-6 tg −/− vs IL-6 tg +/+; # = significant difference for IL-6 tg +/− vs. IL-6 tg +/+ mice.

Animal group 
(# of cells)

Spike 
Thresh 
(mV)

Spike 
Amp 
(mV)

Spike 
Half-
Width 
(ms)

Spike 
AHP 
(mV)

Spike 
Latency 

(ms)

Relat. 
Cumul. # of 

Spikes

Maximal Pos. 
Slope 

(mV/ms)

Maximal 
Neg. Slope 
(mV/ms)

IL-6 tg −/− 
(n=51)

−40.6 ± 0.9 85.8 ± 1.3 1.63 ± 0.05 6.9 ± 0.6 148 ± 13 4.6 ± 0.4 162.6 ± 6.0 52.0 ± 1.9

IL-6 tg +/− 
(n=36)

−42.9 ± 0.9 84.8 ± 1.3 1.50 ± 0.07 6.2 ± 0.8 123 ± 12 4.9 ± 0.5 169.7 ± 6.9 59.3 ± 2.8

IL-6 tg +/+ 
(n=63)

−42.2 ± 0.6 85.5 ± 1.0 1.38 ± 0.05 
(*)

5.7 ± 0.5 84 ± 8 (*,#) 6.1 ± 0.4 (*) 195.2 ± 8.0 
(*)

64.7 ± 2.7 (*)
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Table 4.

Summary of protein activation/expression in hippocampus

Protein
Naïve

@
Acute alcohol

&

IL-6 tg +/+ IL-6 tg +/− IL-6 tg +/+ IL-6 tg +/− IL-6 tg −/−

pSTAT3 ↑ ↑ ↑ ↑ ↑

total STAT3 ↑ ↑ ns ns ns

GABAAR α-1 ns ns ↑ ns ns

GABAAR α-5 ↑ ↑ ↓ ↓ ↓

GAD 65 ↓ ↓ ns ns ↓

GAD 67 ↓ ↓ ns ns ↓

GFAP ↑ ↑ ↑ ↑ ns

Enolase ns ns ns ns ns

@
compared to naïve IL-6 tg −/−

&
compared to naïve of the same genotype; ↓= decrease, ↑= increase; ns= no significant difference
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