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Abstract
Chronic alcohol abuse is associated with brain damage in a sex-specific fashion, but the
mechanisms involved are poorly described and remain controversial. Previous results have
suggested that astrocyte gene expression is influenced by ethanol intoxication and during
abstinence in vivo. Here, bioinformatic analysis of astrocyte-enriched ethanol-regulated
genes in vivo revealed ubiquitin pathways as an ethanol target, but with sexually dimorphic
cytokine signaling and changes associated with brain aging in females and not males.
Consistent with this result, astrocyte activation was observed after exposure in female but
not male animals, with reduced S100β levels in the anterior cingulate cortex and increased
GFAP+ cells in the hippocampus. In primary culture, the direct effects of chronic ethanol
exposure followed by recovery on sex-specific astrocyte function were examined. Male
astrocyte responses were consistent with astrocyte deactivation with reduced GFAP expres-
sion during ethanol exposure. In contrast, female astrocytes exhibited increased expression
of Tnf, reduced expression of the neuroprotective cytokine Tgfb1, disrupted bioenergetics
and reduced excitatory amino acid uptake following exposure or recovery. These results
indicate widespread astrocyte dysfunction in ethanol-exposed females and suggest a
mechanism that may underlie increased vulnerability to ethanol-induced neurotoxicity in
females.

INTRODUCTION
Chronic alcohol abuse is a major public health problem and is
frequently associated with cognitive impairment, neurotoxicity
and brain damage among many other detrimental health conse-
quences. For example, about half of the nearly 20 million alcohol-
ics in the United States develop neuropsychological difficulties.
Alcoholic dementia, associated with global severe amnesia and
intellectual impairment, is the second-leading cause of adult
dementia in the United States and accounts for 10% of all cases.
Ethanol-induced brain damage includes brain volume reduction,
loss of cortical neurons (61), increased microglia (46), and in some
cases reactive astrogliosis and glial scar formation (13, 37, 74).
While most studies have focused on direct effects on neurons, the
role played by astrocytes, the most abundant cell type in the brain
(12), is very poorly understood.

Reactive astrogliosis and glial scar formation occurs in a variety
of settings, such as after stroke (ischemia), significant trauma and
in neurodegenerative diseases, suggesting astrocytes are critically
involved with some forms of brain insult. Astrocytes support
neuronal health through structural and metabolic support, includ-
ing maintenance of glutamate homeostasis. Neurotoxicity as a
consequence of chronic alcohol abuse is postulated to result from

decreased inhibitory GABAergic function concomitant with
increased excitatory glutamatergic function as a consequence of
neuroadaptation, resulting in oxidative stress, inflammation and
excitotoxic brain damage during withdrawal (96). Astrocytes
protect neurons from glutamate excitotoxicity and oxidative stress
by removing glutamate from the extracellular space (17) via
sodium-dependent excitatory amino acid transporters (EAATs).
Two of the five glutamate transporters, GLAST (human equivalent
EAAT1) and GLT-1 (EAAT2), are expressed predominantly by
astrocytes and are responsible for the bulk of glutamate uptake in
the brain (22). Elevated extracellular levels of glutamate result in
inhibition of glutathione production (109) and persistent activation
of glutamate receptors including N-methyl-D-aspartate (NMDA)
receptors, which may be a particularly important mediator of
ethanol-induced brain damage (41, 96). High concentrations of
glutamate in the extracellular space can also lead to excitotoxic
neuronal damage (64) mediated at least in part by accumulation of
nitric oxide (106). Previous studies have demonstrated that acute
exposure of unsexed primary hippocampal astrocytes to ethanol
(15 minutes; 1–200 mM) evoked a dose-dependent increase in
glutamate secretion (103) and increased glial fibrillary acidic
protein (GFAP) levels (39). Although changes in glutamate
signaling have been observed in alcoholics during detoxification
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and rodents during withdrawal (47), the specific role of astrocytes
in mediating the effects of chronic alcohol exposure in the central
nervous system (CNS) is relatively unexplored.

Sexually dimorphic responses to alcohol exposure are becoming
better characterized [see (121)], with women more vulnerable to
EtOH-induced organ damage in the periphery. Females have
higher rates or greater severity of cardiomyopathy, peripheral neu-
ropathy, some types of cancer and liver cirrhosis (5, 59). Increased
vulnerability to ethanol-induced brain damage in the prefrontal
cortex in females has been observed in some studies (44, 118).
Other studies have not confirmed female vulnerability, but have
noted different “brain morphological deficits” between males and
females supporting the notion that neurodamage occurs via differ-
ent mechanisms depending on sex (94). Nevertheless, increased
vulnerability to EtOH-induced neurotoxicity in females remains
controversial [reviewed in (51)] with additional studies needed to
support or refute this hypothesis. This finding is buttressed by the
observation that chronic ethanol exposure is associated with a
strongly sexually dimorphic transcriptional response (44, 118,
119). In those studies, significantly regulated transcripts included
several genes that are exclusively or predominantly expressed in
astrocytes, suggesting that a component of the neuroadapative
response in the brain after ethanol exposure reflects changes in
astrocyte gene expression that are distinct between males and
females. In the astrocyte population, limited characterization of
sex differences has been described both in vivo and in primary
astrocyte cultures harvested from male and female neonates.
Females, but not males, exhibit increased astrocyte activation that
is uncorrelated with infarct size in a model of ischemic stroke (26).
Using sex-specific primary cultures, differences in inflammatory
response and sensitivity to stressors have previously been observed
in primary astrocytes harvested from neonates (7, 72, 104). Such
sexually dimorphic responses in astrocytes appear as a conse-
quence of organizational gonadal steroid effects (122), also known
as hormone imprinting, that result from a testosterone surge in
male pups in utero just before birth and in the neonate shortly after
birth (56, 127). Organizational effects are long lived or permanent,
and are not dependent on subsequent exposure to hormone. Thus,
male cells are different from female cells even in the neonatal
animal. However, the specific consequences of chronic alcohol
exposure and withdrawal on sex-specific astrocyte function have
not been characterized, either in cultures or in vivo.

In addition to playing a key role in glutamate homeostasis,
recent work has also recognized the contribution of astrocytes to
inflammatory signaling in the CNS (24). For example, evidence
suggests astrocytes play a key role in development of excitatory
autoimmune encephalomyelitis, an immune-based model of the
neurodegenerative disease multiple sclerosis (76). Astrocytes
exhibit polarization toward pro- or anti-inflammatory phenotypes
similar to those exhibited by microglia (the resident immune cells
of the CNS) and macrophages, and may regulate responding in
microglia, oligodendrocytes and the adaptive immune system (55,
75). Importantly, astrocytes can produce potentially neurotoxic
inflammatory mediators including tumor necrosis factor (TNF)
(55). We have recently shown that following chronic intoxication
in vivo, females exhibit a pro-inflammatory response in the medial
prefrontal cortex that includes increased Tnf expression, while
males show a pattern consistent with immune suppression (118,
119). Associated with this pro-inflammatory tone, females also

exhibit increased neurotoxicity (44, 118). Combined, our studies
suggest the possibility that sexually dimorphic ethanol-induced
neurotoxicity in the frontal cortex may be mediated in part by
astrocytes both via induction and modulation of inflammatory
signaling and through changes in astrocyte function including
dysregulation of glutamate homeostasis. To date, these possibili-
ties have not been carefully evaluated.

Thus, given evidence that vulnerability to ethanol-induced brain
damage is sex specific, that astrocytes can influence inflammatory
signaling and glutamate levels, and that astrocyte function and
response can be sexually dimorphic, the purpose of this study was
to elucidate the effects of chronic ethanol intoxication specifically
on astrocyte function in males and females. The hypothesis tested
in these studies was that in females, astrocyte dysfunction is a
critical component of the response to ethanol that may underlie
subsequent ethanol-induced neurodegeneration. Studies were per-
formed in both males and females to characterize changes in
astrocyte expression and function following chronic intoxication
and withdrawal/recovery in vivo and in in vitro sex-specific
primary astrocyte cultures. The results demonstrate that females
but not males exhibit enhanced astrocyte reactivity and gene
expression changes in vivo and in astrocyte cultures that are con-
sistent with increased excitatory glutamatergic and inflammatory
signaling, altered bioenergetic homeostasis, and disrupted
ubiquitin regulation following intoxication. The dysfunction seen
in astrocytes exposed to chronic ethanol identifies several mecha-
nisms by which astrocyte responses in females could create a
permissive and vulnerable environment within the brain to
enhance damage.

METHODS

Animal subjects

For in vivo examination of astrocyte activation, male and female
mice from both independently derived replicates of the selectively
bred withdrawal seizure-prone (WSP) and withdrawal seizure-
resistant (WSR) mice (provided by J. Crabbe, Portland, OR) were
used. For array studies, female control mice were 69 ± 2 days old,
female EtOH mice were 70 ± 2 days old, male control mice were
71 ± 1 days old, and male EtOH mice were 70 ± 1 days old at the
start of the experiment. For immunohistochemical studies, female
control mice were 74 ± 2 days old, female EtOH mice were 72 ± 2
days old, male control mice were 73 ± 2 days old, and male EtOH
mice were 72 ± 3 days old at the start of the experiment. There
were no significant differences between ages in any of these con-
ditions. Breeding pairs of male and female B6D2F1 mice were
purchased from Jackson Laboratory West for the isolation of
primary astrocytes from B6D2F2 pups. Mice were maintained
under a light/dark cycle of 0600–1800 light, with water and Purina
Lab Diet chow available ad libitum. Room temperatures were
maintained at 22 ± 1°C. Animal procedures were approved by the
Institutional Animal Care and Use Committee at the Portland
Oregon VA Health Care System and followed US National Insti-
tutes of Health animal welfare guidelines.

Chronic ethanol exposure

Mice were exposed to ethanol continuously for 72 h in vapor
inhalation chambers as previously described (44, 119). This
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paradigm has been characterized as a vulnerability model [see
(119)], with a single chronic exposure to high intoxication, fol-
lowed by synchronized withdrawal. Briefly, on day 1, ethanol
animals were weighed, injected i.p. with ethanol (20% v/v) at
1.5 g/kg with 1 mmol/kg pyrazole (Pyz) to reduce variations in
blood ethanol concentration (BEC), and placed into vapor inhala-
tion chambers. On all days for control (Con) animals and days 2
and 3 for ethanol animals, mice were weighed, given i.p. injections
of Pyz dissolved in 0.9% saline, and placed in vapor inhalation
chambers. A saline-only control was not included because previ-
ous analysis using an unbiased PCR differential display screening
method that included WSR mice failed to identify significant dif-
ferences in gene expression across a broad spectrum of genes
between saline and Pyz-treated animals in this paradigm (107).
Ethanol-exposed animals had tail blood drawn on days 2, 3 and 4
of the study for BEC determination via gas chromatography as
previously described (14). BECs were in the highly intoxicated
range for all groups and were not different between females and
males [Ps > 0.05; BECs: female WSP = 2.31 ± 0.06 mg/mL
(231 ± 60 mg/dL), male WSP = 2.21 ± 0.11 mg/mL, female WSR
2.22 ± 0.04 mg/mL, male WSR = 2.11 ± 0.11 mg/mL].

Astrocyte bioinformatics analysis

Gene profiling and bioinformatic analyses were performed on tissue
harvested from medial prefrontal cortex at peak withdrawal follow-
ing chronic intoxication as previously described (44, 119). Profiling
analysis identified astrocytes as a component of the response and
thus a cellular target of ethanol (44, 119).To characterize expression
differences associated specifically with astrocytes and identify the
biological pathways altered by chronic ethanol, all ethanol-
regulated genes from intoxication and peak withdrawal time points
were compared using the “Astrocyte All” list as previously
described (119). Briefly, the astrocyte list was compiled from a
variety of sources (19, 29, 87, 88), where each publication identified
genes with enriched expression in astrocyte cells. The “Astrocyte
All” list was compared with our list of ethanol-regulated genes to
identify those genes expressed predominantly or exclusively in
astrocytes. The gene lists were converted to mouse Entrez GeneID
numbers and uploaded to Ingenuity PathwayAnalysis (IPA, Qiagen,
Redwood City, CA, USA) software for analysis. IPA was used to
identify functional association networks, constructed to identify
interactions or relationships between ethanol-regulated genes
enriched in astrocytes at early time points that may not have formal
gene ontology annotations.

Brain histology

Following 5 days of ethanol withdrawal (corresponding to peak
damage) or control treatment, animals were anesthetized with
mouse cocktail [ketamine (7.5 mg/mL), xylazine (0.75 mg/mL)
and acepromazine (0.15 mg/mL)], and perfused via the left ven-
tricle with ice cold 0.9% saline followed by 4% paraformaldehyde
in 0.1 M phosphate buffered solution (PBS, pH 7.3). This time
point was chosen to allow animals to completely progress through
the EtOH withdrawal period (44, 84) thought to be important for
the neurotoxic effects of EtOH (112) and because it fits within the
previously reported window of kainic acid neurotoxicity (52)
which may exhibit mechanisms common to EtOH-induced

damage (78). Brains were removed and stored in 4% paraformal-
dehyde overnight at 4°C. Fixed brains were paraffin embedded and
6 μm sagittal sections were collected. Astrocyte activation was
assessed by changes in cell morphology and altered expression of
the astrocyte marker GFAP or S100β (111). Four adjacent brain
sections collected in series were stained following the standard
procedures for GFAP (Dako, Carpinteria, CA, USA; polyclonal
rabbit anti-GFAP) at 1:500 dilution or S100β (Abcam, Cambridge,
UK) at 1:5000 dilution overnight at 4°C. Secondary detection of
GFAP used Alexafluor 555 conjugated goat anti-rabbit antiserum
(Invitrogen) and counterstaining with 4′,6-diamidino-2-
phenylindole (DAPI). Staining was observed by indirect fluores-
cence microscopy using a Leica DM5000B microscope. GFAP+

cells were counted using the threshold function in Metamorph
Premier Image Analysis software (v7.7.7, Molecular Devices,
Downingtown, PA, USA). Staining intensity was evaluated as
GFAP intensity per cell and found to be unchanged following
EtOH (Ps > 0.05). The density of GFAP+ cells was determined by
dividing the counts by the area of each region of interest (cells/
mm2). Further, there were no differences in hippocampal areas for
any of the subregions examined (Ps > 0.05). Detection of S100β
used the standard diaminobenzidine method (Vector Laboratories
Inc., Burlingame, CA, USA). S100β intensity analysis was carried
out using Metamorph Premier Image Analysis software after
thresholding using the integrated intensity module. Cell count
(normalized to area) and morphology was determined using the
Outgrowth module.

Primary astrocyte cultures

Primary cortical type 1 astrocyte cultures were prepared from
mouse cortex from male and female B6D2F2 pups between post-
natal days 1–3 as described (71). Type 1 astrocytes are the pre-
dominant phenotype derived from neonate animals and exhibit a
star-shaped, protoplasmic phenotype and are localized in the gray
matter (58, 100). Type 2 astrocytes are fibrous and derived from
white matter, type 3 astrocytes are derived from Muller cells in the
retina, while type 4 astrocytes (Bergmann glia) are derived from
the molecular layer of the cerebellum. WSR and WSP models were
originally chosen for these studies based on their withdrawal phe-
notype differences, with the expectation that this phenotype would
be an important factor underlying genetic responses to ethanol
intoxication and/or withdrawal. This hypothesis was not supported
during the immediate withdrawal period and instead sex, not with-
drawal phenotype, was found to exert the greatest influence on
responses to chronic ethanol intoxication and early withdrawal
(44, 118, 119). Because sex was the most important influence,
primary cultures were instead derived using B6D2F2 animals. This
allowed us to generalize effects of withdrawal phenotype and
emphasize sex-specific influences driving responses to ethanol.
This particular line was chosen based on the observation that both
C57/BL6 (B6) and DBA/2J (D2) mice were important contributors
to the HS/Ibg progenitor heterogenous stock used to derive the
WSR and WSP selected lines (27). Male and female pups were
provisionally separated based on genital papilla size/anogenital
distances (40) that was confirmed by genotyping for male-specific
sex-determining region Y (Sry) [modified from (77)] using Gapdh
as an internal control. Brains were harvested and after the removal
of the meninges and the isolation of cortical tissue, the samples
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were dissociated in 2 mg/mL Trypsin (Sigma, St. Louis, MO,
USA) in the presence of 0.006% DNase I (Sigma) at 37°C for 3
minutes. Digestive enzyme activity was stopped using Trypsin
Inhibitor (Invitrogen, Grand Island, NY, USA) on ice for 10
minutes, then cells from individual animals were strained through
a cell strainer by gravity and pelleted at 1600 × g for 10 minutes.
Plates (24-well) were seeded at a density of 1.5 × 105 cells/cm2 and
incubated at 37°C in 5% CO2 in high glucose Dulbecco’s modified
eagle medium (DMEM) supplemented with 10% heat-inactivated
fetal calf serum, and 100 U/mL penicillin/streptomycin. Contami-
nating microglial cells were detached from the astrocyte
monolayer by shaking and with media replacement. Media was
entirely changed a day or two after seeding, then changed twice
weekly with fresh media during growth until confluence. Cultures
in most cases were confluent 10–14 days after seeding. After
another 7 days, chronic ethanol treatments were initiated in highly
post-confluent cultures at approximately day 21.

Chronic ethanol exposure and recovery in
astrocyte cultures

To evaluate the effect of chronic ethanol exposure on astrocyte
function, differentiated post-confluent cultures were treated either
with or without ethanol (100 mM final concentration) for 4 days
similar to chronic EtOH exposures described previously (21).
Thus, cultures were subjected to a highly intoxicating concentra-
tion of ethanol (461 mg/dL) consistent with what has been
observed in emergency room patients and is in the expected range
of concentrations observed in chronic alcoholics and binge drink-
ers (1, 92). Both ethanol and control cultures were placed in a
sealed bag that also contained a reservoir of ethanol liquid at the
same concentration, that is, 100 mM ethanol, or water. Ethanol
concentrations in the media were tested over the chronic exposure
time period using a colorimetric assay (QuantiChrom Ethanol
Assay Kit, BioAssay Systems). Other cultures were allowed to
progress through a “recovery” period of an additional 5 days after
removal of the ethanol from the media. The term recovery is used
here to distinguish between the more complex in vivo withdrawal
associated with neuronal hyperexcitability and the in vitro expo-
sure that occurs in nearly homogenous astrocyte cultures.

LDH assay

Lactate dehydrogenase (LDH) activity was measured to examine
toxicity during the culture period and following chronic ethanol
treatment using the LDH Cytotoxicity Assay kit from Cayman
Chemical (Ann Arbor, MI, USA). All samples of media were
diluted 1:10 for the assay procedure. LDH activity was assessed in:
cultures grown in the sealed bag vs. cultures in the incubator, at the
end of the 4 days of chronic ethanol exposure period, and again
during the recovery period. Data for recovery were summed from
determinations at the 3-day media change time point and at the
5-day time point. Intracellular LDH activity was assessed in cell
lysate collected using 0.1% Triton X-100. The LDH assessment
was made using the manufacturer’s standard protocol using
100 μL of media. Measurements were taken at 490 nm.

MTT assay

Changes in cell proliferation and viability were determined using
a Vybrant 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium

bromide (MTT) Cell Proliferation Assay kit from Invitrogen/
Molecular Probes (Eugene, OR, USA). Cells were seeded in
96-well plates at a density of 1.5 × 105 cells/cm2. MTT activity was
measured in cultures grown in the sealed bag vs. cultures in the
incubator and in cultures during chronic ethanol exposure. MTT
was added to the cells according to the manufacturer’s protocol
and incubated for ∼6 h in a humidified 37°C incubator. Dimethyl
sulfoxide (DMSO) was added to produce a formazen product for
∼16 h and read at 490 nm.

RNA isolation and quantitative
PCR (qPCR) analysis

RNA isolation from astrocyte cultures was carried out following
manufacturer’s recommendations for the RNA Stat-60 reagent
(Tel-Test, Inc. Friendswood, TX, USA) with modifications as pre-
viously described (43, 44). Contaminating genomic DNA was
eliminated by digestion with RNase-free DNase followed by
Zymo-spin column purification as described in the manufacturer’s
protocol (Zymo Research, Orange, CA, USA) and verified by
qPCR. RNA integrity was assessed using a 1% agarose gel stained
with SYBR Gold (Life Technologies, Grand Island, NY, USA) and
quantified using Quant-iT RiboGreen (Life Technologies). Expres-
sion differences in steady-state mRNA levels in male and female
cultures were determined using qRT-PCR analysis as previously
described (44). Briefly, qRT-PCR was performed with the iCycler
IQ Real Time PCR detection system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) using a one-step QuantiTect SYBR Green
RT-PCR kit (Qiagen, Valencia, CA, USA). Relative expression of
the RT-PCR product was determined using the comparative ΔΔCt
method, after normalizing expression to total RNA measured with
RiboGreen (43). Primers were purchased, pre-designed and vali-
dated from Qiagen or Bio-Rad Laboratories, Inc.

Protein collection and Western blot

Protein was harvested from 6-well dishes as whole cell lysates.
Briefly, the cell layer was washed twice with sterile PBS then lysed
in radioimmunoprecipitation assay buffer (RIPA) containing pro-
tease inhibitors (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM
PMSF, 1 mM EDTA, 5 μg/mL aprotinin, 5 μg/mL leupeptin, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS). Lysates were
collected after scraping and frozen at −20°C until protein quantifi-
cation using the Pierce bicinchoninic acid assay (BCA) Protein
Assay Kit. (Rockford, IL, USA). Western blot was performed using
a previously described method (120). Antibodies for GFAP were
obtained from Dako (Houston, TX, USA) and beta-actin from
Abcam (Cambridge, MA, USA). Blots for both GFAP (1:50 000)
and beta-actin (1:3000) primary antibodies were incubated over-
night in Tris-buffered saline with Tween-20 (TBST). Bound anti-
bodies were visualized using enhanced chemiluminescence (ECL)
detection (Amersham Corp., Arlington Heights, IL, USA). Quan-
tification of protein was determined in the linear response range of
film using Optiquant software.

Glutamate transporter assay

EAAT activity was monitored by uptake of [3H]D-aspartate (65) at
the exposure (3) and recovery time points (5). Briefly, cells were
rinsed with uptake buffer (135 mM NaCl, 5 mM KCL, 0.6 mM
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MgSO4, 1 mM D-glucose, 10 mM HEPES, pH 7.5) for 5 minutes
at 37°C. Uptake buffer was removed and replaced with uptake
buffer containing 50 nM [3H]D-aspartate for 5 minutes. Buffer
was removed, cells rinsed in cold uptake buffer, and the cell layer
was lysed in a 0.1% Triton X-100 solution. Lysate was collected,
transferred to scintillation vials containing scintillation fluid, and
counted on a scintillation counter. Protein concentrations were
determined in aliquots by the BCA method. Activity was deter-
mined as pmol/mg/min.

Lactate assay

Lactate measurements were conducted in culture media to charac-
terize bioenergetics using the Lactate Plus Lactate Meter and
Lactate Plus Lactate Test Strips (Nova Biomedical, Waltham, MA,
USA). For each sample, a new test strip was placed in the meter
and approximately 1–2 μL of culture media diluted 1:4 in PBS (pH
7.4) was assayed. Meter calibration was verified using lactate
control solutions provided by the manufacturer.

Chemicals

Ethanol (ethyl alcohol, absolute, 200 proof) for use in chemical
assays was purchased from AAPER Alcohol and Chemical
(Shelbyville, KY, USA) and Pharmco Products, Inc. (Brookfield,
CT, USA) that does not contain benzene for use in primary cul-
tures. [3H]D-aspartate with a specific activity of 12.9 Ci/mmol was
purchased from Perkin Elmer Life Sciences, Inc. (Boston, MA,
USA).

Statistical analyses

Data are expressed as mean ± standard error of the mean (SEM)
and are normalized to fold of corresponding male control. Results
were analyzed using a priori Student’s t-test for control vs. ethanol
treatments (either exposure or recovery) using Microsoft Excel
(Microsoft Corporation, Redmond, WA, USA) or Prism software
(GraphPad Software Inc., San Diego, CA, USA). Power analyses
were carried out by calculation of effect size based on the current
statistics (http://www.uccs.edu/lbecker/), followed by calculation
of sample size (http://www.danielsoper.com/statcalc3/default
.aspx) with power = 0.80.

RESULTS
Although astrocytes have been identified as an ethanol target fol-
lowing chronic ethanol intoxication and withdrawal in both
rodents and humans (44, 69, 83, 119), there is little characteriza-
tion of the specific consequences of chronic ethanol exposure on
astrocyte function. Our previous gene expression analysis of
ethanol effects in the medial prefrontal cortex had identified robust
sexually dimorphic responses during a time course of intoxication,
withdrawal (8 h post ethanol) and abstinence (21 days), particu-
larly at the early time points (intoxication and withdrawal) (119).
In the work presented here, we have extended our previous analy-
ses (44, 119) to specifically focus on the effect of chronic intoxi-
cation or withdrawal on astrocytes in vivo in males and females.
Ethanol-regulated genes were identified in males and females in
the medial prefrontal cortex harvested from WSR and WSP mice

at the intoxication (0 h) and withdrawal (8 h) time points that
encompass the early response to chronic ethanol exposure [see
(119)]. This set of genes was then compared with a database
consisting of genes expressed predominantly or exclusively in
astrocytes [similar to (83)] to generate a list of astrocyte-enriched
genes regulated in vivo by chronic ethanol exposure and with-
drawal in males vs. females. Ethanol-regulated astrocyte genes in
males and females are listed in Table 1. Notably, very few genes
were regulated in both females and males, indicating that
astrocytes are a target of ethanol effects but are differentially
responsive depending on sex. These sets of ethanol-regulated
astrocyte-enriched genes were then analyzed using IPA to charac-
terize underlying biological pathways and networks that were sta-
tistically overrepresented in males vs. females. As shown in
Figure 1, the top ethanol-regulated network in males and in
females was centered on hubs related to ubiquitin signaling in both
sexes. However, with the exception of Tor3a (down-regulated in
females, mixed regulation in males), the interacting molecules and
regulated genes were unique between males and females, revealing
a distinct biological response following chronic intoxication and
withdrawal. In females, network genes were generally
up-regulated and functionally are involved in cell cycle regulation,
differentiation and aging. These results were consistent with our
previous bioinformatic analysis of the complete set of regulated
genes in this vulnerability paradigm, with a repair response
observed in males but ethanol-induced cell damage and inflam-
matory signaling in females (119).

The effect of chronic ethanol intoxication on astrocyte activa-
tion in vivo was examined using immunofluorescence for the
traditional astrocyte activation marker GFAP (34). Visual exami-
nation of labeling intensity indicated that GFAP+ labeling in the
CNS was localized to the hippocampus and white matter in the
corpus callosum. This result is consistent with the reported low/
undetectable expression of GFAP outside of these regions in mice
(50). Following immunolabeling, the number of GFAP+ cells was
assessed in the hippocampus and hippocampal subregions includ-
ing the dentate gyrus (DG) and hilus, CA 1–2, and CA3 (Figure 2)
of WSR mice. By using WSR mice, astrocyte responses were
examined in the absence of ethanol-withdrawal-induced seizure
activity. Ethanol exposure led to an increase in GFAP+ cells in
females in the DG and hilus (P < 0.01) and CA 1–2 subregions
(P < 0.05), but ethanol had no significant effect on the number of
GFAP+ cells in any subregion in males (P > 0.05). Similar results
were observed in WSP mice (data not shown). Thus, chronic
exposure and withdrawal induced a significant increase in astro-
cyte activation in several hippocampal subregions, but only in
females. Because of the very low levels of GFAP staining outside
of the hippocampus, astrocyte activation in the medial prefrontal
cortex was then characterized via immunolabeling of the calcium
binding protein S100β, another marker associated with astrocyte
reactivity (18). Analysis focused on the anterior cingulate cortex
(ACC), a subregion of the medial prefrontal cortex previously
identified as damaged in females following ethanol exposure
(118). ACC volumes did not differ between control and alcohol-
exposed animals (all Ps > 0.05). The number of S100β+ cells was
reduced in males but not females following ethanol exposure
(P < 0.05; Figure 3). Males also had a trend toward lower mean
cell body area (P = 0.07, with 5 additional samples per group
required to fully test the hypothesis based on power analysis). In
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contrast, staining intensity was reduced in females following
ethanol exposure (P < 0.05), with no difference in males.

Given sexually dimorphic astrocyte responses following chronic
ethanol in vivo, we next analyzed the direct effects of chronic
ethanol exposure on astrocyte function. For this analysis, a primary
astrocyte culture model system employing chronic ethanol expo-
sure was developed. Sex-specific cultures were derived from cor-
tical tissue obtained from individual pups (Figure 4A). Following
repeated shaking to remove microglial cells early in the culture
period, nearly all cells exhibited GFAP labeling in post-confluent
mature cultures (21 days; Figure 4B). The sex of each individual
culture was assessed using the Sry marker which is only present in
males (Figure 4C). Chronic ethanol exposure and recovery were
modeled using this paradigm, with cultures subjected to control
(Con) or 100 mM chronic ethanol exposure (Exp) conditions for 4
days, then allowed to progress through a recovery period of 5
additional days in culture in the absence of ethanol. This concen-
tration of ethanol is consistent with the high levels observed in
chronic alcoholics admitted for detoxification programs (1, 92).
The 5-day recovery time point was chosen because it is consistent
with neurotoxicity following excitatory insult (90), and because
our previous data indicated sexually dimorphic neurotoxicity fol-
lowing chronic ethanol intoxication at this time (44, 119). One
potential concern with ethanol treatment is evaporation from the
media, resulting in inconsistent ethanol concentrations over time.
To address this concern, cultures were placed in plastic bags con-
taining a reservoir of ethanol at the target concentration. Control
cultures were placed in plastic bags containing a water reservoir.

Notably, cell viability (measured by MTT) was unaltered by incu-
bation in the bag for 4 days compared with normal control cultures
that were not incubated in the bag (Figure 4D). Using this proce-
dure, ethanol concentrations in the media remained near the target
range throughout the exposure period (98.1 ± 1.8 mM at the end of
the 4-day exposure period).

Potential toxicity from chronic ethanol treatment was carefully
evaluated using two independent assays; one assessed cellular
MTT for viability changes, while the other determined
cytotoxicity via leakage of LDH into the media. As shown in
Figure 5A, ethanol exposure did not induce markers of cell death
as indicated by the lack of increase in either MTT or LDH in
culture. In contrast, ethanol exposure surprisingly led to a reduc-
tion in media LDH activity in females (P < 0.05). Upon loss of
membrane integrity, LDH is released from the cell and
extracellular levels increase. Thus, reduced extracellular LDH is
not indicative of toxicity, but instead may indicate altered lactate
homeostasis and changes in bioenergetics. During recovery, there
was no difference in either MTT activity or media or cellular LDH
(Figure 5B). Blood EtOH concentrations as high as 130 mM have
been observed in emergency room patients, with a median con-
centration of approximately 50 mM (92). Thus, 100 mM EtOH is
in the range of concentrations observed in alcoholics and was not
toxic to the astrocyte cultures as indicated by the MTT and LDH
results. Future studies will incorporate dose–response curves to
determine if lower EtOH concentrations induce similar dysfunc-
tion in female astrocyte cultures. Thus, this paradigm subjected
primary cultures of highly enriched astrocytes from each sex to

Figure 1. The top bioinformatic network for male and female mice
derived from analysis of ethanol-regulated astrocyte-enriched genes. A.
The top female network (P ≈ 10−32; see Supporting Information Table S1)
of ethanol-regulated astrocyte-enriched genes centered on ubiquitin
(UBC) and amyloid precursor protein (APP). B. The top male network
(P ≈ 10−38) of ethanol-regulated astrocyte-enriched genes centered on
ubiquitin (UBC). Of particular interest is that the only overlapping, regu-

lated gene between the two networks is TOR3A (Torsin 3A). All other
regulated genes are unique between the two networks indicating an
almost completely sexually dimorphic response to ethanol. Solid lines
represent direct interactions while dashed lines represent indirect inter-
actions between genes. Genes in red are up-regulated in response to
ethanol. Genes in green are down-regulated in response to ethanol.
Genes colored in both red and green indicate mixed regulation.
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consistent high levels of chronic ethanol without inducing toxicity,
providing a reliable model for assessing the direct effect of ethanol
exposure on astrocyte function, without the contribution of
changes in other cell types and/or circulating hormones as would
be seen in vivo.

Using this approach, the effects of ethanol exposure on astrocyte
gene expression were examined with a focus on three overarching
aspects of astrocyte function: astrocyte markers (125), proteins
important in glutamate homeostasis and cytokine/chemokine
expression. Analysis was performed after chronic exposure and
following recovery. As shown in Figure 6A, ethanol exposure
trended toward reduced S100β expression in females (P = 0.08,
with 10–13 additional samples per group required to fully test the
hypothesis based on power analysis). The direct effects of ethanol
on molecules involved in glutamate homeostasis were then exam-
ined, as one mechanism of alcohol-induced neurotoxicity previ-
ously proposed is hyperexcitability resulting from increased
glutamate signaling (96). Eaat2 expression was significantly
increased in males following ethanol exposure (P < 0.05), but
Eaat1 and glutamine synthetase (GluI) levels were unchanged.
Finally, the effect of chronic ethanol exposure on cytokine and
chemokine expression was determined, as another potential
mechanism of neurotoxicity is induction of inflammatory
signaling by alcohol resulting in activation of cell death pathways

either directly by cytokines such as Tnf, or following positive
feedback and enhancement of inflammatory signaling. Interest-
ingly, the only transcript that was significantly up-regulated in
female cultures was Tnf, which was significantly induced follow-
ing chronic ethanol (P < 0.05; Figure 6C). Alcohol exposure did
not influence expression of fibroblast growth factor 2 (Fgf2),
metabotropic glutamate receptor 1 (Grm1; mGluR1), Grik2
(ionotropic glutamate receptor; kainate 2) or interleukin-1β (Sup-
porting information Figures S1 and S2). Thus, despite a general
lack of effect on gene expression in astrocytes during exposure,
alcohol directly induced expression of the inflammatory cytokine
Tnf in female cultures, which could have wide-ranging effects on
neurotoxicity, astrocyte cell viability, blood–brain barrier (BBB)
integrity and downstream inflammatory signaling.

Next, the influence of subsequent recovery on gene expression
was assessed. Astrocyte markers indicated that males exhibited a
significant reduction in vimentin expression (P < 0.05), with no
other effects of ethanol (Figure 7A). Recovery did not influence
Eaat expression, but did lead to a reduction in GluI (P < 0.05) in
males (Figure 7B). Expression of cytokines and chemokines iden-
tified reduced Tgfb1 expression in females (Figure 7C; P < 0.05)
with no other differences observed.

Given evidence of bioenergetic alterations associated with
chronic ethanol in astrocytes as evidenced by altered LDH activity

Figure 2. Ethanol -induced astrocyte activation in females but not
males. A. Representative images of GFAP staining in the dentate gyrus
and hilus of the hippocampus in male control (Con) and ethanol (EtOH),
and female Con and EtOH sections following a 5-day withdrawal period
at 20× magnification. Insets illustrate the morphology and intensity of
staining following ethanol exposure in male and female mice at 63×
magnification. Scale bars 50 μm, inset 5 μm. B. Quantitation of the

density of GFAP-labeled cells in the dentate gyrus (DG) and hilus, CA1
and CA2, and the CA3 subregions of the hippocampus. Females exhibit
increased density of GFAP-labeled cells in the DG and hilus, as well as
CA1/CA2 subregions. Striped bars indicate control groups. Solid black
bars indicate ethanol-exposed groups. Numbers in parentheses indicate
the n for each group. *P < 0.05; **P < 0.01.
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during exposure and reduced glutamine synthetase during
recovery, lactate concentrations in the media were examined.
Lactate levels in males were unchanged during ethanol exposure
(Con: 10.4 ± 0.5 mM; ethanol: 10.1 ± 0.8 mM; n = 3–5; P > 0.05)
whereas lactate levels in females trended toward an increase
following ethanol exposure (Con: 10.7 ± 0.3 mM; ethanol:
11.5 ± 0.3 mM; n = 4/group; P = 0.07; with 2 additional samples
per group needed to fully test the hypothesis based on power
analysis). Thus, although LDH activity in the media was reduced
in females, lactate levels were elevated.

The number of GFAP+ cells in females in the hippocampus was
increased following ethanol, therefore, the cell-specific effects of
ethanol on GFAP protein levels in highly confluent primary astro-
cyte cultures were determined to evaluate whether the increased
numbers of cells represent potential proliferation or increased cel-
lular expression. Western blotting was used to examine GFAP
levels following ethanol exposure and recovery (Figure 8A). In
males, GFAP levels were significantly reduced following ethanol
exposure, but returned to control levels during recovery. In
females, GFAP levels were unaltered during ethanol exposure or
during recovery. Thus, males, but not females, exhibit reduced
GFAP levels as a result of ethanol exposure in the culture model.

Finally, the functional impact of ethanol exposure on astrocytic
glutamate uptake was examined. These studies were undertaken
given ethanol effects on Eaat2 expression in males, previous work
showing alcohol-induced neurotoxicity in females, but not males,
and evidence of sexually dimorphic astrocyte responses as deter-
mined by GFAP+ cells in vivo and reduced S100β levels in vivo and
in primary cultures. Glutamate uptake capacity was characterized
using [3H]D-aspartate, a substrate for both EAAT1 and EAAT2
transporters (57). Neither ethanol exposure nor recovery impacted
[3H]D-aspartate uptake in male cultures. By contrast, [3H]D-
aspartate uptake was significantly reduced in female cultures
during the recovery period following ethanol exposure (Figure 8B;
P < 0.05). Dysregulation of glutamate uptake in female cultures,
which would result in reduced removal of glutamate from the
extracellular space following ethanol exposure, reflects changes in
glutamate homeostasis that would exert important effects on
neuronal health in vivo.

DISCUSSION
This study identified astrocytes as an ethanol target in the medial
prefrontal cortex and hippocampus, with distinct sex differences

Figure 3. Ethanol-induced astrocyte dysfunction in the anterior
cingulate cortex. Following chronic ethanol exposure, S100β
immunohistochemistry was used to assess astrocyte expression and
morphology. A. Representative images of S100β staining in the ACC of
the prefrontal cortex in male control (Con) and ethanol (EtOH), and
female Con and ethanol sections following a 5-day withdrawal period at
20× magnification. Insets illustrate the morphology and intensity of

staining following ethanol exposure at 63× magnification. Scale bars
50 μm, inset 5 μm. B. Males exhibit a reduction in S100β+ cells follow-
ing ethanol exposure. Females exhibited reduced S100β staining inten-
sity following ethanol exposure. Striped bars indicate control groups.
Solid black bars indicate ethanol-exposed groups. Numbers in parenthe-
ses indicate the n for each group. *P < 0.05.
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following chronic ethanol exposure and withdrawal/recovery.
Increased astrocyte reactivity was observed in female but not male
mice following chronic ethanol intoxication. Astrocytes were
prevalent in the ACC in both males and females, but only males
also had a reduction in S100β+ cells in the ACC following ethanol.
In astrocyte-enriched cultures, female but not male astrocytes
exhibited increased expression of the pro-inflammatory cytokine
Tnf, reduced expression of the neuroprotective cytokine Tgfb1,
increased media lactate concentration (trend) and reduced
glutamate uptake capacity. Based on these results and evidence
from the literature, we propose a novel model of sex-specific
astrocyte dysfunction associated with chronic ethanol exposure
(Figure 9). Thus, in female astrocytes, ethanol induces increased
inflammatory signaling in the presence of a reduced
neuroprotective response, reduced glutamate clearance and altered
lactate homeostasis. As shown in this model, the downstream
effects of such cellular dysfunction are inflammation, oxidative
stress, compromised BBB integrity, demyelination, impaired bio-
energetic homeostasis and increased neuronal hyperexcitability
which lead to neurotoxicity and neurodegeneration in females (11,
24, 85, 119). These cellular mechanisms are not mutually exclu-
sive as studies suggest interactions between TNF signaling,
glutamate homeostasis (95, 113), BBB integrity (70) and myelin
degradation (124). Similarly, while TNF signaling is detrimental to
CNS homeostasis, transforming growth factor-β (TGF-β) is
strongly neuroprotective as signaling acts to reduce inflammation,
excitotoxicity and apoptosis, and to enhance neuronal regeneration
[for review, see (31)]. The trend toward increased lactate release in

females is also intriguing, as lactate levels are increased during
several types of brain injury and are thought to both indicate and
enhance tissue damage (63, 102). Thus, alcohol-induced astrocyte
dysfunction in females is predicted to accelerate alcohol-induced
neurotoxicity in a sexually dimorphic fashion. Although
neurodamage is observed in both male and female chronic alco-
holics, the mechanisms and pathways for damage are distinct and
therefore represent opportunities for novel intervention develop-
ment and targeted sex-specific therapies.

Bioinformatic analysis of expression differences in astrocyte-
enriched genes in vivo demonstrated a sexually dimorphic
response to ethanol. Although ubiquitin signaling was a network
hub in astrocyte genes from both sexes, distinct interacting gene
sets were identified between males and females. Ethanol-induced
expression differences in this top network observed in astrocytes
from females were consistent with a pro-inflammatory tone, cel-
lular dysfunction and a cytotoxic response in the prefrontal
cortex. For example, up-regulation of the nitric oxide synthase
cofactor sepiapterin reductase (Spr) in females would result in
excess amounts of tetrahydrobiopterin that has been associated
with age-related brain dysfunction in the cerebral cortex (80) and
cognitive impairments. Also suggestive of brain dysfunction,
amyloid precursor protein (App) was a secondary hub identified
in females in the ubiquitin network of genes. Cleavage of
amyloid precursor protein (APP) produces amyloid β (Aβ), the
hallmark protein observed in Alzheimer’s disease. The presence
of APP in the female gene expression network is intriguing, as
APP serves important trophic, cell survival and cell proliferation

Figure 4. Sex-specific mature astrocytic
primary cultures. A. Representative phase
contrast image of cell growth after
approximately 21 days in cultures, scale
bar = 5 μm. B. Representative GFAP labeling
of primary cultures showing nearly universal
GFAP expression, scale bar = 5 μm. C.

Agarose gel showing SRY positive and
negative cultures following amplification. D.

Astrocyte viability was assessed using MTT
assays after incubation in a standard freezer
bag (numbers in parentheses indicate the n
for each group). Striped bars indicate control
astrocyte cultures. Solid white bars indicate
bag-incubated astrocyte cultures.
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functions (115). Aβ can also activate transcription of stress genes
via NF-κB (nuclear factor kappa-light-chain-enhancer of acti-
vated B cells) (62) and we have previously reported sexually
dimorphic NF-κB signaling in females during withdrawal (118,
119). Dysregulated ubiquitination contributes to the development
of Alzheimer’s disease and other neurodegenerative disorders
[for review, see (8)], and is associated with demyelination and
white matter degeneration (123). Myelin degradation has been
associated with ethanol abuse (2, 28, 68), but to our knowledge
males and females have not been examined separately. Though
complex, TNF production has been associated with enhanced
demyelination (66), while Tgfb1 expression reduces
demyelination (33). Metaxin 3 (Mtx3) in the ubiquitin network
was also dysregulated in female astrocytes and plays an impor-
tant role in TNF-induced cell death (89). By contrast in males,
the ubiquitin gene network is suggestive of a protective environ-
ment in the CNS in this model. For example, reduced expression

of the retinol binding protein 1 (Rbp1) would increase free con-
centrations of retinoids. Retinoids reduce the production of pro-
inflammatory cytokines and chemokines by astrocytes and
microglia (110). Down-regulation of phosphodiesterase 4B,
cAMP specific (Pde4b) could improve BBB function and reduce
inflammatory responses (73). Finally, withdrawal may activate
repair mechanisms in males, as poly(ADP-ribose) polymerase 3
(Parp3, also known as Artd3), an important player in the cellular
response to cytotoxic double-strand breaks in DNA (15), is
up-regulated in males. The identification of sexually dimorphic
mechanisms of cell death will be important for improved under-
standing of our previous observation of ethanol-induced
neurodamage in female but not male mice in our vulnerability
model (44, 118). Unfortunately, most clinical studies are under-
powered to adequately examine both sexes, thus careful analysis
of female-specific biological responses to chronic ethanol in the
CNS is poorly characterized (108).

Figure 5. Lack of effects of ethanol on astrocyte viability. Astrocyte
viability in highly confluent cultures was assessed using MTT assays
after (A) chronic ethanol exposure and after (B) recovery. No significant
differences were observed in any of the conditions tested. Lactate
dehydrogenase activity (LDH) was also used as a measure of

cytotoxicity, with leakage of LDH into the media an indicator of com-
promised membrane integrity. Ethanol exposure reduced media LDH
concentrations, and had no effect during recovery (numbers in paren-
theses indicate the n for each group). Striped bars indicate control
groups. Solid black bars indicate ethanol-exposed groups. *P < 0.05.
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Although the specific mechanism(s) that underlie alcoholic
neurodegeneration are complex and likely differ depending on the
insult, brain region, genetic background and sex [for review, see
(42)], it is well established that normal astrocyte function is critical
for neuronal health. Astrocytes are important regulators of
glutamate signaling and homeostasis, can produce inflammatory
and supportive cytokine mediators, aid in the maintenance of the
BBB (24, 85), and influence myelination (54, 85). Severe brain
injury is associated with an increase in the number of reactive
astrocytes (particularly in the hippocampus), changes in astrocyte
morphology and gene expression including induction of GFAP,
and increased lactate production (10). In the studies presented
here, females exhibited an increase in the density of GFAP+ cells in
the hippocampus (in particular in DG and hilus and CA1/2) fol-
lowing ethanol exposure and withdrawal. Increased GFAP immu-

nofluorescence can reflect rearrangement of cytoskeletal proteins
including F-actin depolymerization (86), and may reduce astrocyte
motility by providing structural stability to astrocytic processes.
Activation of astrocytes observed in the hippocampus in females is
consistent with altered function that could contribute to
neurodegeneration in frontal regions, given known circuitry asso-
ciated with the reinforcing effects of alcohol (35) and alcohol
withdrawal (38, 42). GFAP levels outside of the hippocampus in
mice are difficult to assess (50) and are too low to quantify in the
ACC using immunohistochemical methods. However, we
observed a reduction in the intensity of the calcium binding protein
S100β in the ACC in ethanol-exposed female mice consistent with
the reduced expression observed in ethanol-exposed mature
female astrocyte cultures. Decreased S100β expression in females
is significant because this molecule binds GFAP and inhibits its

Figure 6. Induction of Tnf expression in female mice following chronic
ethanol. The effect of 4 days of ethanol exposure (100 mm) was
assessed in sex-specific primary astrocyte cultures using qRT-PCR. A.

No changes were observed in expression of the astrocyte markers
S100β and Vim (vimentin). B. Males exhibited increased expression of

Eaat2, but no other differences were noted. C. Females exhibited
increased expression of Tnf following ethanol exposure. Striped bars
indicate control groups. Solid black bars indicate ethanol-exposed
groups. Numbers in parentheses indicate the n for each group.
*P < 0.05.
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phosphorylation (125). Forced reduction of S100β levels using
siRNA interventions leads to loss of motility and adoption of a
more stellate and potentially reactive phenotype (18).

S100β exhibits a complex expression pattern that varies with
astrocyte maturation and environmental influences. Expression of
S100β identifies mature astrocytes from neural stem cells (98);
however, S100β also regulates astrocyte shape and movement (18).
Levels of S100β can also change with insult. Some have suggested
that female astrocytes remain partially undifferentiated, thereby
allowing greater plasticity (81). Future studies will unravel the
complex, sexually dimorphic regulation of astrocytic maturation,
morphology and cytoskeletal changes induced by ethanol. Find-
ings of increased gliosis in alcoholics are not universal, and may be
dependent on the extent and nature of the abuse, the brain region

examined, the genetic background of the population and/or the
gender of the alcoholic. In fact, chronic ethanol exposure has been
associated with reduced GFAP levels in some situations, as shown
in the orbitofrontal cortex in young (predominantly male) uncom-
plicated alcoholics and in rats chronically exposed for longer than
a few weeks (79). These results are consistent with the Western
blot findings of reduced GFAP protein from the male primary
cultures we observed during ethanol exposure. It should be noted
that our quantitation methods for GFAP and S100β may be unable
to differentiate between changes in cell size (ie, swelling) and
increases in cell number. However, there was no indication of
increased GFAP+ cell area in female EtOH-treated mice, indicating
a greater likelihood of an increase in cell number (data not shown).
Regardless, significant changes in astrocyte cytoskeleton were

Figure 7. Reduced Tgfb1 expression in female mice after recovery
from chronic ethanol. The effect of ethanol exposure (4 days, 100 mm)
and subsequent recovery (5 days) were assessed in sex-specific astro-
cyte cultures using qPCR. A. Males exhibited reduced expression of the
astrocyte marker vimentin. B. Males also had reduced expression of

glutamine synthetase (glui). C. Females exhibited reduced expression of
the cytokine Tgfb1. Striped bars indicate control groups. Solid black bars
indicate ethanol-exposed groups. Numbers in parentheses indicate the
n for each group. *P < 0.05.
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observed in females following EtOH exposure. Thus, the develop-
ment of astrogliosis and the potential for astrocyte dysfunction in
the setting of chronic alcohol abuse is incompletely understood.
Our results suggest that female alcoholics are at greater risk for the
development of gliosis, but to our knowledge females have not
been specifically examined. Additional studies comparing males
and females are warranted as astrocytes exert widespread influence
on CNS health and have been suggested as a therapeutic target for
ameliorating the negative health consequences of drugs of abuse
(45).

Neurotoxicity following chronic ethanol abuse may result from
decreased inhibitory tone concomitant with increased excitatory
glutamatergic signaling due to neuroadaptative responses to the
CNS depressant effects of alcohol. In our vulnerability model, we
have observed alcohol-induced neurotoxicity in female but not
male mice (44, 118). Glutamate is the major excitatory neurotrans-
mitter in the CNS, and high concentrations of glutamate in the

extracellular space can precipitate a cascade of cellular events that
lead to excitotoxicity, elevated oxidative stress, glutathione deple-
tion and cell death (9, 48). Astrocytes are primarily responsible for
terminating glutamate signaling at the synapse, which is critical
for normal neurotransmission and also to protect neurons from
hyperexcitability (30). Notably, female but not male astrocytes
exhibited reduced EAAT capacity 5 days after recovery. Reduced
transport in females is consistent with increased Tnf expression
and elevated extracellular lactate levels, which are both associated
with impaired glutamate transport in other contexts (20, 60). In
addition, reduced Tgfb1 expression in females is associated with
increased vulnerability to excitotoxicity (23). Lactate is a compo-
nent of a complex energy homeostasis maintained in the CNS by
astrocytes and neurons that may exert both oxidative and metabolic
stress following ethanol exposure in females (49). Also notable is
that alcoholics (not analyzed separately for males vs. females) can
exhibit pronounced increases in blood lactate levels during

Figure 8. Sexually dimorphic astrocyte
response: deactivation of astrocytes in
males following ethanol but loss of
glutamate uptake in females. A.

Representative Western blots are shown
depicting GFAP, tubulin and actin labeling
both following chronic ethanol exposure and
during recovery in males and females.
Control (C); ethanol (E). Expression of the
marker of astrocyte activation, GFAP, was
assessed via Western blotting. Primary
astrocytes derived from male mice exhibited
a reduction in GFAP expression following
ethanol exposure, with no changes observed
in females. Numbers in parentheses indicate
the n for each group. B. EAAT uptake was
unchanged during exposure, but was
reduced in females during recovery. Striped
bars indicate control groups. Solid black bars
indicate ethanol-exposed groups. Numbers
in parentheses indicate the n for each group.
*P < 0.05, **P < 0.01.
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withdrawal (97). Female mice also had disrupted S100β expres-
sion that has been associated with alterations in glutamate homeo-
stasis (116, 117). Although changes in glutamate levels have been
observed in alcoholics during detoxification (47), females were not
specifically examined and cellular mechanisms underlying
glutamate dysfunction are likely to be sexually dimorphic.
Increased extracellular glutamate in vivo as a consequence of
reduced uptake could lead to sexually dimorphic hyperexcitability
in postsynaptic neurons with oxidative stress and subsequent tox-
icity in brain regions where projections end. Again, a detailed
comparison between male and female alcoholics in brain region-
specific damage or the extent of damage has not been reported. In
addition, reduced glutamate uptake in female astrocytes would
lead to a reduction in Na+/K+-ATPase activity (99) and reduced
glycolysis (93). This result is also consistent with sexually dimor-
phic astrocyte dysfunction observed in patients with temporal lobe
epilepsy, with females showing more pronounced intracortical
gliosis (32). In male astrocyte cultures, although Eaat2 mRNA
levels were increased, there was no corresponding increase in
glutamate uptake with exposure. This may be a consequence of
two offsetting phenomena: increased Eaat2 expression but
reduced GFAP protein levels. Loss of GFAP protein results in

blockade of EAAT2 trafficking to the cell surface (53). Combined,
the studies presented here suggest that glutamate-mediated
neurodamage due to sexually dimorphic astrocyte dysfunction
may be a central consequence of alcohol abuse associated with
neurotoxicity, particularly in females.

While the importance of astrocytes in glutamate homeostasis in
the CNS is clear, it is less well appreciated that astrocytes are also
involved in inflammatory signaling and produce cytokines and
chemokines similar to microglia, the resident macrophage-like
CNS immune cells (114). The immunological consequences of
ethanol abuse are complex, inducing immunosuppression in some
organs, and increased infection rates, but also inflammation and
cell death in other target organs (25). In the brain, astrocytes
respond to “danger molecules” such as bacterially derived
lipopolysaccharide (LPS) via toll-like receptor 4 (TLR4) activa-
tion (114). Guerri’s group has examined the influence of TLR4
knockout on several aspects of ethanol-induced dysfunction,
establishing contributions of TLR4 to ethanol-induced
neurotoxicity, cognitive dysfunction, neuroinflammation and
myelin damage (2–4, 82, 91). The identification of increased
expression of Tnf as a direct consequence of ethanol exposure in
female but not male astrocytes is intriguing, as TNF alone is
capable of inducing neuronal cell death (113, 126), but can also be
a mechanism to induce an even more potent and damaging inflam-
matory response (16). Others using unsexed (ie, mixed) astrocyte
cultures have found that ethanol exposure reduces TNF concentra-
tion following 7 days in culture, which is consistent with down-
regulation of Tnf in males (105). Interestingly, lactate induces Tnf
expression in astroglial cultures, with the trend toward increased
lactate in female cultures suggesting one potential mechanism of
Tnf induction (6). In models of chronic ethanol abuse, Tnf activa-
tion has been associated with activation of the nucleotide-binding
oligomerization domain, leucine-rich repeat and pyrin domain
containing peptide (NLRP3) inflammasome (67) in females, iden-
tifying another pathway of potential toxicity due to ethanol. In
contrast, the reduced Tgfb1 expression observed in female
astrocytes is also detrimental and is consistent with a vulnerability
to damage in females, especially in models of excitotoxicity and
ischemia (101). Thus, astrocyte dysfunction as characterized by
induction of Tnf and suppression of Tgfb1 may contribute directly
to the previously identified female vulnerability to ethanol-
induced neurotoxicity, or due to the downstream effects of
signaling pathways such as via altered glutamate homeostasis (44,
119).

Studies presented here indicate that sexually dimorphic
responses to chronic ethanol exposure and recovery are indeed
observed in sex-specific astrocyte cultures. It is important to note
that in this paradigm, primary astrocyte cultures do not fully reca-
pitulate the effects of ethanol exposure in the CNS, as evidenced
by the increased Il6 expression observed in females in the
prefrontal cortex in vivo (119), but expression was unchanged in
female astrocyte cultures following chronic ethanol treatment.
This is in contrast to the elevation of Tnf in females, which was
observed both in vivo and in the culture model. Such differences
may be due to the post-confluent nature of the cultures, to cellular
changes due to adherence to the culture dish, or finally to the
absence of other cell types or hormonal changes which may
provide signals that affect astrocyte function. A caveat to the
culture model is that astrocytes from both sexes would not be

Figure 9. Model of ethanol-induced astrocyte dysfunction in females.
Ethanol targets several critical aspects of brain homeostasis which are
maintained by proper astrocyte function. Primary astrocyte cultures
from females exhibited increased expression of the inflammatory
cytokine Tnf, reduced expression of the neuroprotective cytokine Tgfb1
and a trend toward increased lactate production following ethanol expo-
sure. TNF can directly induce cell death via interaction with “death”
receptors, and can serve to amplify inflammatory signaling pathways
leading to neuroinflammation and oxidative stress. Increased Tnf and
reduced Tgfb1 could also compromise blood–brain barrier (BBB) integ-
rity leading to extravasation of pathogens and danger signals and induce
damage to endothelial cells and oligodendrocytes. Alcoholics exhibit
significant white matter shrinkage, consistent with disruption of proper
myelination which is dependent on normal astrocyte function. Alcohol
also led to a reduction in astrocyte-mediated uptake of excitatory amino
acids in females, who are already prone to excitotoxic damage due to
reduced TGF-β expression.
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exposed to circulating hormones which are protective under
certain conditions like stroke. Our previous data suggest that levels
of estradiol drop following ethanol exposure in both sexes, thus
minimizing any influence these factors might have on the observed
results (36). Nevertheless, these studies do identify direct effects
of chronic alcohol exposure in the astrocyte population that
are fundamentally sexually dimorphic, and independent of other
influences.

In conclusion, sexually dimorphic astrocyte dysfunction is
observed following chronic ethanol intoxication in vivo and in
sex-specific primary astrocyte cultures, with female astrocytes
demonstrating a pervasive dysfunction including induction of pro-
inflammatory signaling, suppression of the neuroprotective
cytokine Tgfb1, dysregulation of EAAT function, changes in
bioenergetics, and expression differences consistent with
neurotoxicity and cognitive impairment. The results presented here
and summarized in our model emphasize the crucial role played by
astrocytes in CNS homeostasis and implicate astrocyte
dysregulation as an important contributor to the heightened vul-
nerability to ethanol-induced neurotoxicity observed in female
alcoholics. Sex differences in astrocyte function suggest that
females may be more sensitive to certain types of insults, including
alcohol intoxication. Understanding these sex-specific differences
in astrocyte function will be critical for developing more effica-
cious treatments for alcohol-induced damage during withdrawal,
maintenance of sobriety and also for other neurodegenerative
disorders.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure S1. Gene expression following chronic EtOH.
Figure S2. Gene expression following recovery from chronic
EtOH.
Table S1. Female and male ethanol-regulated networks.
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