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Cortical astrocytes regulate ethanol consumption and
intoxication in mice
E. K. Erickson 1,2, A. J. DaCosta1, S. C. Mason1, Y. A. Blednov1, R. D. Mayfield1,3 and R. A. Harris1,3

Astrocytes are fundamental building blocks of the central nervous system. Their dysfunction has been implicated in many
psychiatric disorders, including alcohol use disorder, yet our understanding of their functional role in ethanol intoxication and
consumption is very limited. Astrocytes regulate behavior through multiple intracellular signaling pathways, including G-protein
coupled-receptor (GPCR)-mediated calcium signals. To test the hypothesis that GPCR-induced calcium signaling is also involved in
the behavioral effects of ethanol, we expressed astrocyte-specific excitatory DREADDs in the prefrontal cortex (PFC) of mice.
Activating Gq-GPCR signaling in PFC astrocytes increased drinking in ethanol-naïve mice, but not in mice with a history of ethanol
drinking. In contrast, reducing calcium signaling with an astrocyte-specific calcium extruder reduced ethanol intake. Cortical
astrocyte calcium signaling also altered the acute stimulatory and sedative-hypnotic effects of ethanol. Astrocyte-specific Gq-
DREADD activation increased both the locomotor-activating effects of low dose ethanol and the sedative-hypnotic effects of a high
dose, while reduced astrocyte calcium signaling diminished sensitivity to the hypnotic effects. In addition, we found that adenosine
A1 receptors were required for astrocyte calcium activation to increase ethanol sedation. These results support integral roles for PFC
astrocytes in the behavioral actions of ethanol that are due, at least in part, to adenosine receptor activation.

Neuropsychopharmacology (2021) 46:500–508; https://doi.org/10.1038/s41386-020-0721-0

INTRODUCTION
Astrocytes contribute to information processing in the central
nervous system [1]. Ongoing brain activity activates astrocytic Gq-
GPCR receptors, initiating phospholipase C (PLC)/inositol trispho-
sphate (IP3)-dependent intracellular calcium elevations, leading to
gliotransmitter release and neuromodulation [2]. This recently
appreciated mechanism of astrocyte function challenges the long-
held view that animal behavior is exclusively mediated by
neurons. As such, behavioral pathologies integral to substance
use disorders may be driven, at least in part, by changes in
astrocyte calcium signaling.
In vitro, ethanol elicits calcium elevations in astrocytes [3–7] and

alters astrocyte calcium responses to neurotransmitters [8–10].
Transcriptome sequencing of astrocytes isolated from prefrontal
cortex (PFC) of chronic ethanol-exposed mice revealed decreased
gene expression related to GPCR signal transduction and calcium
[11, 12], suggesting ethanol consumption modulates cortical
astrocyte signaling in vivo. Perturbations in astrocyte calcium
signaling can have widespread consequences, affecting neuro-
modulatory processes that regulate a variety of behaviors. This has
been elegantly shown in numerous studies that used astrocyte-
specific chemogenetic techniques to demonstrate functional roles
for astrocyte Gq-GPCR signaling in anxiety [13], memory [14],
cognitive flexibility [15] and food consumption [16, 17].
Studies exploring the role of astrocytes in addiction have

focused mainly on the effects of striatal astrocytes in relapse-
related behaviors [18–22]. The PFC, however, is a central regulator
of ethanol drinking by modulating sensitivity to ethanol’s
interoceptive effects [23, 24], attributing motivational salience to

ethanol, and regulating the transition from moderate to escalated
consumption [25, 26]. Cortical astrocytes are particularly vulner-
able to ethanol-induced morphological and transcriptomic
changes [11, 27–32], and a recent study shows that expression
of a protease in Drosophila cortical glia, homologous to
mammalian cortical astrocytes, controls ethanol’s acute sedative
effects [33]. These studies indicate that cortical astrocytes regulate
both molecular and behavioral responses to ethanol.
Here, we manipulated astrocyte calcium signaling in vivo to

study the functional role of mammalian cortical astrocytes in
ethanol consumption and intoxication. Using astrocyte-specific
viral techniques, we demonstrated that activation of cortical
astrocyte Gq-GPCR signaling increases ethanol consumption, while
reduced astrocyte calcium signaling decreases ethanol consump-
tion. Acute stimulatory and sedative-hypnotic ethanol-induced
phenotypes were also regulated by cortical astrocyte calcium
signaling. In addition, we show that adenosine receptors are
critical for behavioral regulation by activated astrocytes. Our
findings reveal a specific role for PFC astrocytes in acute ethanol-
induced behaviors and the escalation of ethanol consumption.

MATERIALS AND METHODS
Animals
Adult (7–8 weeks old) male C57BL6/J mice purchased from
Jackson Laboratories (Bar Harbor, ME) were used for all experi-
ments. Mice were housed in the Animal Resource Center at The
University of Texas at Austin and kept on a standard laboratory
diet and water ad libitum. For drinking experiments, mice were
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kept in a reverse 12 h light/dark cycle room. All other experiments
were performed under standard 12 h light/dark cycles. All
experiments were approved by The University of Texas at Austin
Institute for Animal Care and Use Committee and conducted in
accordance with NIH guidelines regarding use of animals in
research.

Viruses
Adeno-associated viruses (AAV) under the control of the 681 bp
GFAP promoter gfaABC1D and an AAV2/5 serotype were used
for astrocyte-specific expression. pAAV-GFAP-hM3D(Gq)-mCherry
(Addgene #50478) was sent to the UNC Viral Vector Core (Chapel
Hill, NC) for custom AAV5 production. AAV5-GFAP-GFP was
directly purchased from UNC. AAV5-GFAP-tdTomato was provided
by Dr. Baljit Khakh (UCLA) (Addgene viral prep #44332-AAV5).
AAV5-GFAP-hPMCA2w/b-mCherry (AAV-CalEx) was custom-made
at the University of Pennsylvania Vector Core (Philadelphia, PA)
using the plasmid pAAV-GFAP-hPMCA2w/b, which was generously
provided by Dr. Khakh.

Stereotaxic surgery
The following coordinates were used to inject 50 nl AAV bilaterally
into mouse prefrontal cortex (PFC): 2.1 AP, +/−0.4 ML, 1.4 DV.
Injections were given using a Nanoject II (Drummond Scientific,
Broomall, PA) at a rate of 23 nl/sec. Two minutes were allowed for
viral diffusion after each injection. Mice recovered for three weeks
before any biochemical or behavioral testing began.

Chemicals
The hM3Dq agonist Clozapine-N-Oxide (CNO; HB6149, Hello Bio,
Princeton, NJ) was generously provided by Dr. Thomas Kash
(UNC) for Gq-DREADD activation experiments. CNO was dis-
solved in sterile saline for i.p. injections. Injectable ethanol
(100% stock; Aaper Alcohol and Chemical, Shelbyville, KY)
solutions were prepared in 0.9% saline (20%, v/v). Dipropylcy-
clopentyl xanthine (DPCPX) was obtained from Millipore Sigma
(Burlington, MA) and prepared in 0.9% saline and 1% Tween-80.
Gaboxadol (Sigma-Aldrich, St. Louis, MO) was dissolved in 0.9%
saline. Solutions were prepared fresh immediately before use on
each experimental day.

Immunohistochemistry
AAV-hM3Dq mice were given i.p. injections of saline or CNO
(1mg/kg) 90 min prior to being anaesthetized with isoflurane.
AAV-CalEx and AAV-tdTomato mice were administered i.p.
injections of saline or ethanol (1.25 g/kg) 90 min prior to
anesthetization. Mice were given transcardial perfusions of 4%
paraformaldehyde (PFA) before brains were removed and post-
fixed in PFA. Brains were frozen in Optimal Cutting Temperature
(Tissue-Tek OCT; Sakura Finetek, Torrance, CA) and sectioned into
30 μm slices. CNO-induced astrocyte activation was assessed by
immunostaining using primary antibodies for c-Fos and glutamine
synthetase (GS) (Millipore) [14, 15]. Cell specificity of viral
transduction was assessed with mCherry (Sicgen), astrocyte (GS),
neuronal (NeuN, Millipore), and microglial (IBA1, Wako) staining
(Supplemental Figs. 1 and 2). Bilateral images of the PFC (Bregma
+2.8 to +2.2) were acquired using a Zeiss Axiovert 200 M
fluorescent light microscope. Image analysis was performed using
ImageJ (version 1.50i). Two 1000 μm2 regions of interest (ROI)
corresponding to medial PFC were defined for each section. Cell
counts were averaged between two to three sections per animal.
For c-Fos quantification, a threshold was applied to ROIs and c-Fos
was counted using ImageJ’s “Analyze Particles” function. Thre-
sholded c-Fos+ cells colocalizing with GS+ cells were counted,
along with total GS+ cells in each ROI. Percentage of c-Fos+
astrocytes were calculated by dividing colocalized counts by total
astrocytes (GS+ cells). Cell-type specificity of AAVs were quanti-
fied by counting total number of neurons, astrocytes, or microglia

in a viral transduced ROI as well as the number of cells of each cell
type colocalizing with mCherry. The percentage of each cell type
co-expressing mCherry was calculated by dividing colocalized
counts by total number of cells.

Ethanol drinking
Intermittent every-other-day (EOD) access to ethanol increases
voluntary drinking in rodents [34]. Mice underwent EOD drinking
as described previously [11, 35]. Mice had access to 15% (v/v)
ethanol EOD and water every day. Bottle positions were changed
daily to control for position preferences. Each point in the graphs
represents the average of 2 drinking days with different bottle
positions. To control for evaporation and spillage, two bottles
containing ethanol and water in an empty cage were also
measured daily. Consumption (g/kg body weight/time) and
preference (amount of ethanol consumed divided by total fluid
consumed per drinking session; a value of >0.5 or 50% indicates
preference for ethanol) were calculated for each mouse. For Gq-
DREADD experiments, mice were given CNO (1 mg/kg, i.p.) or
saline on drinking days, 30 min prior to ethanol access. Ethanol
was provided at the onset of the dark cycle, so that drinking
would occur at maximal levels of activity.

Saccharin preference
Saccharin preference was measured according to the procedure
described for ethanol drinking. Briefly, mice had access to
increasing concentrations of saccharin EOD and water every day.
Saccharin concentration began at 0.00165% and was doubled
every 2 drinking days until mice in all experimental groups
reached maximum preference. For Gq-DREADD experiments, mice
were given i.p. injections of 1 mg/kg CNO or saline on drinking
days, 30 min prior to saccharin access.

Locomotor activity
To assess stimulatory effects of ethanol, general locomotor activity
in response to ethanol treatment was recorded in activity chambers
[36]. AAV-Gq-DREADD mice were given 1mg/kg CNO or saline (i.p.)
30min before receiving ethanol or saline. Mice received 1 g/kg or
1.25 g/kg ethanol (i.p.). Five min later, mice were placed in a light-
and sound-attenuating ventilated chamber (Med Associates, St.
Albans, VT). Infrared light sources and photodetectors were used to
measure general activity of each mouse for 30min [37]. Total
activity counts were computer recorded.

Loss of righting reflex
Loss of righting reflex (LORR) was evaluated to measure the acute
sedative-hypnotic effects of ethanol, as described previously [38].
The amount of time it takes for each mouse to become ataxic
(unable to right themselves) after an injection of ethanol (3.6 g/kg,
i.p.) is recorded as the latency to LORR. When ataxic, mice are
placed in the supine position in V-shaped plastic troughs until
they can right themselves 3 times within 30 sec. Duration of
LORR is calculated as the time from being placed in the supine
position until mice regain their righting reflex. We also assessed
LORR induced by another GABAergic sedative drug, gaboxadol
(55 mg/kg) [38]. For Gq-DREADD experiments, AAV-Gq-DREADD
mice were given 1mg/kg CNO or saline (i.p.) 30 min before
receiving ethanol. When testing the role of A1 adenosine receptor
signaling, 2.5 mg/kg DPCPX or saline pretreatment was given
5min before the CNO or saline treatment [39].

Statistical analysis
Prism 8.0 (GraphPad Software, Inc., La Jolla, CA) was used to
perform all statistical tests. Graphs were created in Prism 8.0. Data
are reported as mean ± S.E.M. values. In some cases, the SEM bars
are smaller than the symbols representing the mean. Comparisons
involving more than two groups or conditions were calculated
using one-way or two-way repeated-measures ANOVA followed
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by Bonferroni post-hoc tests, while datasets with two groups were
analyzed using unpaired Student’s two-tailed t tests.

RESULTS
Activating astrocyte calcium signaling increases ethanol
consumption in ethanol-naïve mice
We used an AAV expressing hM3Dq conjugated to mCherry under
the control of a human GFAP promoter to express excitatory
DREADDs in mouse cortical astrocytes. Immunohistochemistry
results indicated Gq-DREADD expression was found in astrocytes,
as the mCherry stain was colocalized with the astrocyte marker GS
but did not overlap with the neuronal marker NeuN (Supplemen-
tary Fig. 1). Viral expression was primarily restricted to prelimbic
and infralimbic regions of the medial PFC (Fig. 1a). The DREADD
agonist CNO (1mg/kg) activated astrocyte calcium signaling as
indicated by increased c-Fos immunostaining colocalized with
astrocytes (Fig. 1b). Gq-DREADD activation led to a 3-fold increase

in c-Fos+ astrocytes compared with saline-treated mice (p < 0.005,
t(8)= 3.855, Student’s t test), consistent with prior studies
elevating calcium signaling in astrocytes with excitatory DREADDs
[14, 16, 40]. CNO did not alter c-Fos levels in non-astrocytic cells
(data not shown). Previous studies have shown no effect of CNO
administration on c-Fos or astrocyte calcium levels in mice not
expressing DREADDs, indicating CNO effects are dependent on
Gq-DREADD expression [41, 42].
We next investigated the effect of astrocyte calcium activation

on initial escalation of ethanol consumption and preference in
ethanol-naïve mice. Ethanol drinking was measured in AAV-Gq-
DREADD mice using an EOD drinking test. Compared with saline
treatment, astrocyte-specific calcium activation (1 mg/kg CNO, i.p.,
30 min before ethanol exposure on drinking days) robustly
increased both ethanol consumption and preference (two-way
ANOVA, main effect of treatment on ethanol consumption: F1,10=
14.63, p < 0.005, main effect of treatment on ethanol preference:
F1,10= 10.32, p < 0.01; Fig. 1c). Total fluid intake did not differ
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Fig. 1 Activating cortical astrocytes increases escalation of ethanol consumption. a Diagram of AAV-hM3Dq spread throughout prefrontal
cortex. Each layer demonstrates the extent of viral spread of a separate mouse, superimposed over reference coronal slice at +2.00 mm from
Bregma (n= 12). b Quantification of c-Fos+ astrocytes and representative immunohistochemistry images showing c-Fos expression
in astrocytes in saline vs. CNO-treated mice expressing AAV-hM3Dq. Colocalized c-Fos and GS indicated by white arrows. Scale bar, 50 μm.
** Students t test, p= 0.0048 (n= 5). c AAV-Gq-DREADD mice treated with CNO (blue lines) exhibit increased ethanol consumption and
preference compared with saline-treated mice (black lines). CNO administration does not alter 24-h total fluid. Data were analyzed by two-way
repeated-measures ANOVA. **p < 0.01 compared with control (n= 6 per group). d Saccharin preference for AAV-Gq-DREADD mice treated with
CNO or saline (n= 9–10 per group). e Ethanol consumption and preference for AAV-Gq-DREADD mice after escalations in drinking stabilized
prior to saline or CNO treatment (n= 8–11 per group). Values are mean ± SEM.
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between CNO- and saline-treated groups (Fig. 1c). We also
examined EOD drinking in mice expressing a control virus (GFP)
to determine possible off-target effects of CNO. However, CNO did
not alter ethanol consumption or preference compared with saline
in non-DREADD-expressing mice (Supplementary Fig. 3A). We
then measured preference for saccharin to determine whether
altered sweet taste perception could account for the increased
ethanol consumption found in mice with astrocyte Gq-DREADD
activation. CNO (1mg/kg) did not change EOD saccharin intake or
preference in Gq-DREADD-expressing mice (Fig. 1d).
Next, we examined the effect of increased astrocyte calcium

signaling in ethanol-exposed Gq-DREADD-expressing mice using
the EOD procedure. AAV-Gq-DREADD mice established stable
baseline levels of ethanol consumption and preference for 28 days
(14 drinking days) in an EOD drinking test before treatment with
CNO (1 mg/kg) or saline began (Fig. 1e). Astrocyte calcium
activation by CNO over the next 16 drinking days did not affect
maintenance of ethanol consumption or preference in these mice
(Fig. 1e). Our results suggest astrocyte calcium signaling alters the
initial escalation of ethanol drinking, thus increasing drinking
behavior in ethanol-naïve mice but not in mice with prior ethanol
experience.

Reducing cortical astrocyte calcium signaling suppresses
escalation of ethanol drinking in ethanol-naïve mice
We next assessed whether cortical astrocyte calcium signaling is
necessary to increase ethanol consumption in an EOD drinking
experiment. To inhibit astrocyte calcium signaling, we expressed
astrocyte-specific AAV-CalEx [43] in mouse PFC. AAV-CalEx encodes

hPMCAw/b, a plasma membrane ATPase that transports calcium
out of the cell, which reduces basal calcium levels, amplitude and
duration of spontaneous calcium signals, as well as pharmacologi-
cally evoked calcium elevations in astrocytes [43]. We confirmed
astrocyte-specific expression of AAV-CalEx, observing colocalization
of mCherry with GS but not IBA1 or NeuN+ cells (Supplementary
Fig. 2). Astrocytes expressing CalEx exhibit generally normal
physiological characteristics [43] and AAV-CalEx mice showed no
differences in the amount of GS+ cells in the PFC compared with
control virus-expressing mice (Supplementary Fig. 2) We then
assessed baseline and ethanol (1.25 g/kg, i.p.)-induced astrocyte-
specific c-Fos expression in AAV-CalEx and control virus-expressing
mice. We observed less astrocytic c-Fos in CalEx mice compared
with the control group, indicating reduced baseline astrocyte
calcium signaling (Fig. 2). A two-way ANOVA revealed a main effect
of virus (F1,6= 61.6, p < 0.0005), ethanol treatment (F1,6= 25.6, p <
0.005) and a virus x ethanol interaction (F1,6= 14.1, p < 0.01) on
astrocyte c-Fos expression. Ethanol elevated astrocytic c-Fos
expression in control virus-expressing mice (p < 0.005), but not in
AAV-CalEx-expressing mice (Bonferroni’s multiple comparisons test,
Fig. 2).
In an EOD drinking test, mice expressing AAV-CalEx drank

significantly less ethanol than their control (AAV-tdTomato)
counterparts (two-way ANOVA, main effect of virus: F1,17= 9.20,
p < 0.01, Fig. 2c). Ethanol intake during the first two drinking days
was similar between the groups, however, over time the control
mice escalated their consumption, while AAV-CalEx mice did not.
Preference increased in both groups, yet control mice consistently
showed higher preference than AAV-CalEx mice, although this

 BA

DC

Fig. 2 Reducing cortical astrocyte calcium signaling decreases ethanol consumption. a Quantification of c-Fos+ astrocytes in AAV-
tdTomato (gray) or AAV-CalEx (pink) expressing mice treated with saline (solid bars) or 1.25 g/kg ethanol (hatched bars). Data were analyzed
by two-way ANOVA followed by Bonferroni’s multiple comparisons test. **p < 0.005 compared with saline control, ***p < 0.0005 (main effect of
virus). b Representative immunohistochemistry images of c-Fos colocalization with an astrocyte marker (GS) in tdTomato or CalEx-expressing
mice treated with saline or ethanol. Scale bar, 50 μm. c Ethanol consumption, preference, and total fluid intake in mice expressing a control
virus (black line) or AAV-CalEx (pink line). In the ethanol intake panel, the dotted line represents the amount of ethanol consumed on the first
full day of drinking averaged for both groups (8.5 g/kg). In the panel showing ethanol preference, the dotted line indicates a value of 0.5, or no
preference (n= 9–10 per group). Data were analyzed by two-way repeated-measures ANOVA, **p < 0.01, #p < 0.1 compared with control.
d Saccharin preference in mice expressing a control virus (black line) or AAV-CalEx (pink line) (n= 6 per group). Values are mean ± SEM.
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difference was not statistically significant (two-way ANOVA, main
effect of virus: F1,17= 3.36, p= 0.08; Fig. 2c). No difference in total
fluid intake was observed between groups (Fig. 2c). In a separate
experiment, we studied preference for sweet taste in control and
AAV-CalEx mice but found no group differences in saccharin
preference (Fig. 2d).

Astrocytes regulate locomotor response to ethanol
Ethanol’s locomotor effects have been associated with propensity
for high or low ethanol consumption in mice [44]. We examined
the effect of astrocyte activation on ethanol-induced locomotor
activity using two low doses of ethanol (1, 1.25 g/kg). Two-way
ANOVA revealed a significant ethanol x CNO interaction (F2,62=
3.17, p < 0.05). Compared with control mice, ethanol treatment did
not significantly alter horizontal locomotor activity (shown as the
distance traveled over 15 min and as the respective area under
each curve) in saline-pretreated AAV-Gq-DREADD mice (Fig. 3a).
However, mice pretreated with CNO (1 mg/kg) showed changes in
locomotor activity in response to ethanol (Fig. 3b). Treatment with
1.25 g/kg ethanol significantly increased horizontal activity com-
pared within CNO-pretreated mice (p < 0.05) but not saline-
pretreated mice (Fig. 3c). Pretreatment with CNO alone did not
alter baseline locomotor activity in AAV-Gq-DREADD mice
(Supplementary Fig. 4). In a separate experiment, we investigated
the potential role of astrocyte calcium signaling on motor
incoordination induced by administration of 2 g/kg ethanol.
Compared with saline pretreatment, CNO did not alter ethanol-

induced motor incoordination in mice expressing AAV-Gq-
DREADD (Supplementary Fig. 5). Taken together, these results
suggest that cortical astrocyte calcium signaling regulates the
acute stimulatory effects of low dose ethanol.

Astrocytes regulate sedative-hypnotic effects of ethanol
Ethanol consumption may also be associated with sensitivity to
the hypnotic effects of ethanol, as measured in rodents by
duration of the loss of righting reflex (LORR) [45]. Therefore, we
examined the effect of astrocyte-specific Gq-DREADD activation on
ethanol (3.6 g/kg)-induced LORR. CNO (1mg/kg) increased LORR
duration by nearly 20 min in AAV-Gq-DREADD mice (p < 0.0001,
t(13)= 9.018, Student’s t test, Fig. 4a), but not in mice not

Fig. 3 Astrocytes regulate locomotor response to ethanol. Cumu-
lative distance traveled over a 15-minute period in (a) saline- or
(b) CNO-pretreated AAV-Gq-DREADD-expressing mice injected with
saline (SAL) or ethanol (1 g/kg or 1.25 g/kg) (n= 10–12 per group).
c distance traveled represented by area under the curve for each
treatment group, expressed as a percentage based on the saline-saline
group. Data analyzed by two-way ANOVA with Bonferroni’s multiple
comparisons test, *p < 0.05. Values are mean ± SEM.
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Fig. 4 Astrocyte calcium signaling mediates duration of ethanol-
induced hypnosis. a Loss of righting reflex (LORR) duration in CNO- vs
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AAV-tdTomato (control) expressing mice. Data analyzed by Student’s
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multiple comparisons test, ****p < 0.0001. Values are mean ± SEM.
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expressing DREADDs (Supplementary Fig. 3B). Duration of
LORR induced by administration of another sedative, gaboxadol
(55 mg/kg), was not altered by astrocyte Gq-DREADD activation
(Fig. 4a), indicating that astrocyte calcium signaling selectively
increases the sedative-hypnotic effects of ethanol.
We next examined the effect of reduced astrocyte calcium

signaling on ethanol-induced LORR. Mice expressing AAV-CalEx in
PFC astrocytes showed reduced duration of ethanol-induced LORR
compared with mice expressing a control virus (p < 0.0001, t(9)=
9.743, Student’s t test; Fig. 4b). No change in duration was
observed in response to gaboxadol-induced LORR (Fig. 4b).

Adenosine receptors are required for astrocyte-enhanced ethanol
sedation
Activation of Gq-GPCR pathways in astrocytes can release
gliotransmitters such as ATP, which is typically rapidly degraded
into adenosine [13, 46, 47]. Astrocyte-derived adenosine has been
implicated in several behavioral domains including fear, feeding,
depression, and sleep [13, 16, 48, 49]. In the PFC, inhibitory
adenosine A1 receptors are the most abundant subtype [11]. A1
receptors in this region are specifically known to regulate
wakefulness after anesthesia [50]. We hypothesized that AAV-Gq-
DREADD activation increases extracellular adenosine and activa-
tion of neuronal adenosine A1 receptors, contributing to increased
duration of ethanol-induced LORR. We used an A1 antagonist,
DPCPX, to block activation of A1 receptors in AAV-Gq-DREADD
mice [39]. In the absence of astrocyte Gq-DREADD activation,
DPCPX (2.5 mg/kg) pretreatment did not alter ethanol-induced
sedation. However, DPCPX completely abolished the increased
sedative effects of ethanol produced by astrocyte Gq-DREADD
activation (Fig. 4c). Thus, adenosine A1 receptors are necessary for
astrocyte Gq-GPCR activation to increase ethanol’s sedative-
hypnotic effects.

DISCUSSION
Astrocytes have a growing reputation as pivotal behavioral
regulators [2, 51, 52], but the contribution of astrocytes to
addiction is still largely undefined. Here, we delineate novel roles
for PFC astrocyte calcium signaling in specific behavioral responses
to ethanol.
Activating cortical astrocytes increased ethanol drinking in

ethanol-naïve mice, but not in mice with a history of escalated
drinking. In contrast, reducing astrocyte calcium with AAV-CalEx
prevented normal increases in ethanol intake, indicating a
requirement for intact cortical astrocyte calcium signaling to
induce escalations in drinking. This suggests that astrocytes
regulate initial sensitivity to ethanol, and pairing ethanol exposure
with astrocyte activation may produce synergistic effects. Indeed,
we found that cortical astrocyte calcium signaling enhanced acute
behavioral responses to ethanol (e.g., increased sensitivity to
locomotor-activating effects of low doses and sedative-hypnotic
effects of an anesthetic dose). Suppressed astrocyte calcium,
however, led to decreased sensitivity to ethanol’s sedative effects,
which suggests that cortical astrocyte calcium signaling is a key
driver of certain behavioral indicators of ethanol intoxication.
The PFC is functionally linked to a vast array of subcortical

structures which regulate behavioral state transitions that
coordinate locomotor activity and sedation [26]. For instance,
noradrenergic inputs projecting from the locus coeruleus directly
to the PFC are finely tuned to regulate sleep-to-wake transitions
and general locomotor activity [53]. Indeed, this pathway is a
critical mediator of cortical arousal, promoting emergence from
ethanol-induced coma [54–56]. Noradrenaline levels in the PFC
also correlate with hyperactivity following administration of
stimulant drugs [57]. Astrocytes could be influencing transitions
in cortical activity underlying arousal [58]. Cortical astrocytes
appear to be a primary target of noradrenaline, inducing rapid

calcium elevations through stimulation of astrocytic noradrenergic
receptors [59–62]. Altered cortical astrocyte calcium is also
observed in response to anesthetic drugs, and has been proposed
as a non-neuronal mechanism for their sedative action [63, 64].
These changes in astrocyte activity, resulting in gliotransmitter
release or adjustments in neurotransmitter uptake, could alter
signal processing over thousands of synapses, thus controlling
cortical state transitions mediating attention and arousal [64–66].
Consequently, cortical astrocytes may function as mediators of
neuromodulatory processes that regulate responses to ethanol.
Sensitivity to stimulatory and sedative effects of ethanol, regulated
by astrocyte signaling, may influence initial escalation of ethanol
consumption.
Over long-term exposure, other cell-types and brain regions

could become more influential in regulating ethanol drinking. In
mouse and human ethanol-dependent PFC, genes involved in
astrocyte function are prominently dysregulated [11, 12, 27, 29, 67].
Generally, genes indicating astrocyte reactivity and inflammation
tend to increase, while genes associated with homeostatic
functions and synaptic regulation decrease with ethanol exposure
[11, 12]. Importantly, ethanol exposure alters astrocyte calcium
signaling [3–10], and although chronic effects have not been
characterized, transcriptome data suggest that long-term ethanol
exposure leads to lasting perturbations in calcium-related signaling
pathways in cortical astrocytes [11, 12]. For instance, astrocytes
isolated from ethanol-dependent mouse PFC show decreased
expression of a network of genes encoding neurotransmitter
receptors, synaptic protein interactors, and regulators of down-
stream processes such as PLC activity, IP3 synthesis and CREB
phosphorylation [12]. Activating Gq-GPCR signaling in PFC astro-
cytes in mice repeatedly exposed to ethanol may have very
different functional consequences than the same manipulation in
ethanol-naïve mice. It is also relevant to note that Gq-GPCR
signaling is one of many signaling mechanisms used by astrocytes
to modulate brain activity. Different pathways, such as astrocytic
Gi-GPCR signaling could also be involved in initial ethanol
responses, or compensate for altered astrocyte function in
ethanol-dependent states [68]. Functional studies of astrocyte
GPCR and calcium signaling will be necessary to better understand
the role of astrocytes in acute and chronic ethanol actions.
Our results suggest that astrocytes regulate ethanol responses

by adjustments in purinergic signaling. We found that A1
adenosine receptors were necessary for astrocyte calcium activa-
tion to increase ethanol sedation. The dose of DPCPX we used did
not affect ethanol-induced LORR duration in control mice, but
completely abolished the increased sedation caused by astrocyte
DREADD activation. Astrocytes are known to release ATP following
GPCR-activated calcium elevations [13, 46], which can lead to
increased extracellular adenosine. Ethanol itself induces elevations
in adenosine tone [69] that mediate its sedative effects [70–72]. A1
receptor agonists increase ethanol-induced sleep time in mice
[73], and A1 receptor antagonism in the basal forebrain attenuates
ethanol-induced sleep in rats [74]. More recent work has identified
a relationship between ethanol’s subjective sedating effects and
cerebral A1AR availability in humans [75]. Based on our
preliminary results, we speculate that astrocytes may moderate
these adenosine-mediated ethanol effects (Fig. 5). Astrocyte-
induced increases in adenosine could also contribute to changes
in other ethanol-related phenotypes, including ethanol consump-
tion [76–79]. Antagonism of A1, but not A2A adenosine receptors
decreased binge-like ethanol intake in B6 mice [44]. A1 receptors
have also been implicated in attenuating withdrawal-related
anxiety [80] and enhancing anxiolytic-like effects of ethanol [81].
In addition to adenosine, ethanol interacts with multiple

neuromodulator systems in brain that can be regulated by astrocyte
calcium activation. Moreover, aside from evoking astrocytic release
of a variety of gliotransmitters, intracellular calcium elevations can
induce other functional alterations in astrocytes that affect neuronal
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signaling [2]. Also, the degree of activation and downstream
consequences depend on neuronal input and behavioral state
[14, 82, 83]. Reductions in astrocyte calcium signaling could also
have widespread outcomes on glial and neuronal functioning. For
instance, astrocytic CalEx expression in mouse nucleus accumbens
enhanced the function of the glial GABA transporter GAT3, reducing
the levels of synaptic GABA and altering circuit function [43]. GAT3
plays a critical role in mediating ethanol preference in rats, and its
mRNA expression is decreased in human alcohol-dependent
brain as well as cortical astrocytes from ethanol-exposed mice
[12, 84]. It’s possible that CalEx expression in PFC astrocytes
increased GAT3 function, which contributed to decreased ethanol
consumption. Whether altered astrocyte calcium signaling in cortex
produces functional changes in neurotransmitter uptake that
contribute to ethanol consumption and intoxication warrants future
investigation.
In summary, we provide evidence that cortical astrocytes

modulate behavioral effects of ethanol. We show that ethanol-
induced locomotor stimulation, ethanol-induced sedation, and
ethanol consumption are all regulated by astrocyte calcium
signaling. Thus, astrocytes may influence early behaviors asso-
ciated with the development of alcohol use disorders.

FUNDING AND DISCLOSURE
This work was supported by NIH/NIAAA INIA Consortium U01
AA025479 to RAH, U01 AA020926 (INIA) to RDM, R01 AA012404 to
RAH, and F31 AA025508 to EKE. The authors declare no conflict of
interest.

ACKNOWLEDGEMENTS
We thank Dr. Thomas Kash for providing CNO for DREADD experiments, Dr. Baljit
Khakh for providing plasmids for AAV-CalEx production, Dr. Amy Lasek (University of
Illinois at Chicago) for assistance with custom AAV plasmid preparation, Arnav Kak for
help with brain slicing and immunohistochemistry, and Jody Mayfield for editing the
manuscript.

AUTHOR CONTRIBUTIONS
EKE, YAB, RDM, and RAH contributed to conception, experimental design, and
manuscript review. EKE, AJD, and SCM acquired experimental data. EKE analyzed data
and wrote the manuscript.

ADDITIONAL INFORMATION
Supplementary Information accompanies this paper at (https://doi.org/10.1038/
s41386-020-0721-0).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Papouin T, Dunphy J, Tolman M, Foley JC, Haydon PG. Astrocytic control of

synaptic function. Philos Trans R Soc Lond, B, Biol Sci. 2017;372:20160154.
2. Guerra-Gomes S, Sousa N, Pinto L, Oliveira JF. Functional roles of astrocyte cal-

cium elevations: from synapses to behavior. Front Cell Neurosci. 2017;11:427.
3. Salazar M, Pariente JA, Salido GM, González A. Ethanol induces glutamate

secretion by Ca2+ mobilization and ROS generation in rat hippocampal astro-
cytes. Neurochem Int. 2008;52:1061–7.

4. Kimelberg HK, Cheema M, O’Connor ER, Tong H, Goderie SK, Rossman PA.
Ethanol-induced aspartate and taurine release from primary astrocyte cultures. J
Neurochem. 1993;60:1682–9.

5. Fonseca LL, Alves PM, Carrondo MJ, Santos H. Effect of ethanol on the meta-
bolism of primary astrocytes studied by (13)C- and (31)P-NMR spectroscopy. J
Neurosci Res. 2001;66:803–11.

6. Allansson L, Khatibi S, Olsson T, Hansson E. Acute ethanol exposure induces [Ca2
+]i transients, cell swelling and transformation of actin cytoskeleton in astroglial
primary cultures. J Neurochem. 2001;76:472–9.

7. Hirata H, Machado LS, Okuno CS, Brasolin A, Lopes GS, Smaili SS. “Apoptotic
effect of ethanol is potentiated by caffeine-induced calcium release in rat
astrocytes. Neurosci Lett. 2006;393:136–40.

8. Simonsson P, Hansson E, Alling C. Ethanol potentiates serotonin stimulated
inositol lipid metabolism in primary astroglial cell cultures. Biochem Pharmacol.
1989;38:2801–5.

9. Catlin MC, Guizzetti M, Costa LG. Effect of ethanol on muscarinic receptor-
induced calcium responses in astroglia. J Neurosci Res. 2000;60:345–55.

10. Santofimia-Castaño P, Salido GM, González A. Ethanol reduces kainate-evoked
glutamate secretion in rat hippocampal astrocytes. Brain Res. 2011;1402:1–8.

11. Erickson EK, Farris SP, Blednov YA, Mayfield RD, Harris RA. Astrocyte-specific
transcriptome responses to chronic ethanol consumption. Pharmacogenomics J.
2018;18:942.

12. Erickson EK, Blednov YA, Harris RA, Mayfield RD. Glial gene networks associated
with alcohol dependence. Sci Rep. 2019;9:10949–13.

13. Martín-Fernández M, Jamison S, Robin LM, Zhao Z, Martín ED, Aguilar J, et al.
Synapse-specific astrocyte gating of amygdala-related behavior. Nat Neurosci.
2017;10:1043.

14. Adamsky A, Kol A, Kreisel T, Doron A, Ozeri-Engelhard N, Melcer T, et al. Astrocytic
activation generates de novo neuronal potentiation and memory enhancement.
Cell. 2018;174:59–71.e14.

15. Brockett AT, Kane GA, Monari PK, Briones BA, Vigneron P-A, Barber GA, et al.
Evidence supporting a role for astrocytes in the regulation of cognitive flexibility
and neuronal oscillations through the Ca2+ binding protein S100β. PLoS ONE.
2018;13:e0195726.

16. Yang L, Qi Y, Yang Y. Astrocytes control food intake by inhibiting AGRP neuron
activity via adenosine A1 receptors. Cell Rep. 2015;11:798–807.

17. Chen N, Sugihara H, Kim J, Fu Z, Barak B, Sur M, et al. Direct modulation of GFAP-
expressing glia in the arcuate nucleus bi-directionally regulates feeding. Elife.
2016;5:5599.

18. Erickson EK, Grantham EK, Warden AS, Harris RA. Neuroimmune signaling in
alcohol use disorder. Pharmacol Biochem Behav. 2019;177:34–60.

19. Scofield MD, Boger HA, Smith RJ, Li H, Haydon PG, Kalivas PW. Gq-DREADD
selectively initiates glial glutamate release and inhibits cue-induced cocaine
seeking. Biol Psychiatry. 2015;78:441–51.

20. Bull C, Freitas KCC, Zou S, Poland RS, Syed WA, Urban DJ, et al. Rat nucleus
accumbens core astrocytes modulate reward and the motivation to self-
administer ethanol after abstinence. Neuropsychopharmacology.
2014;39:2835–45.

21. Kruyer A, Scofield MD, Wood D, Reissner KJ, Kalivas PW. Heroin cue-evoked
astrocytic structural plasticity at nucleus accumbens synapses inhibits heroin
seeking. Biol. Psychiatry. 2019;86:811—19.

Ca2+ Ca2+
Extracellular 
adenosine

A1 adenosine 
receptor activation

Gq-DREADD CalExCa2+

Ethanol

Behavioral 
responses

Ethanol drinking

Ethanol-induced LORR duration

Ethanol-induced motor stimulation

Ethanol drinking

Ethanol-induced LORR duration

Fig. 5 Schematic representing behavioral results and potential
adenosine involvement in astrocyte calcium-mediated ethanol
drinking and intoxication behaviors. Activating astrocyte calcium
with Gq-DREADD increased ethanol drinking and intoxication
phenotypes, while reducing astrocyte calcium with CalEx decreased
ethanol drinking and intoxication. A1 adenosine receptor activation
was required for the increased sedative effect of astrocyte calcium
activation. Thus, some behavioral effects of ethanol may be partly
mediated by astrocyte calcium activation and increased adenosine
receptor signaling.

Cortical astrocytes regulate ethanol consumption and intoxication in mice
EK Erickson et al.

506

Neuropsychopharmacology (2021) 46:500 – 508

https://doi.org/10.1038/s41386-020-0721-0
https://doi.org/10.1038/s41386-020-0721-0


22. Namba MD, Kupchik YM, Spencer SM, Garcia-Keller C, Goenaga JG, Powell GL,
et al. Accumbens neuroimmune signaling and dysregulation of astrocytic glu-
tamate transport underlie conditioned nicotine-seeking behavior. Addict Biol.
2019;389:e12797.

23. Jaramillo AA, Randall PA, Frisbee S, Besheer J. Modulation of sensitivity to alcohol
by cortical and thalamic brain regions. Eur J Neurosci. 2016;44:2569–80.

24. Jaramillo AA, Randall PA, Stewart S, Fortino B, Van Voorhies K, Besheer J. Func-
tional role for cortical-striatal circuitry in modulating alcohol self-administration.
Neuropharmacology. 2018;130:42–53.

25. Heilig M, Barbier E, Johnstone AL, Tapocik J, Meinhardt MW, Pfarr S, et al.
Reprogramming of mPFC transcriptome and function in alcohol dependence.
Genes Brain Behav. 2017;16:86–100.

26. Riga D, Matos MR, Glas A, Smit AB, Spijker S, Van den Oever MC. Optogenetic
dissection of medial prefrontal cortex circuitry. Front Syst Neurosci. 2014;8:230.

27. Kapoor M, Wang J-C, Farris SP, Liu Y, McClintick J, Gupta I, et al. Analysis of whole
genome-transcriptomic organization in brain to identify genes associated with
alcoholism. Transl Psychiatry. 2019;9:89–11.

28. de la Monte SM, Kril JJ. Human alcohol-related neuropathology. Acta Neuro-
pathol. 2014;127:71–90.

29. Osterndorff-Kahanek EA, Becker HC, Lopez MF, Farris SP, Tiwari GR, Nunez YO,
et al. Chronic ethanol exposure produces time- and brain region-dependent
changes in gene coexpression networks. PLoS ONE. 2015;10:e0121522.

30. Pignataro L, Varodayan FP, Tannenholz LE, Protiva P, Harrison NL. Brief alcohol
exposure alters transcription in astrocytes via the heat shock pathway. Brain
Behav. 2013;3:114–33.

31. Bull C, Syed WA, Minter SC, Bowers MS. Differential response of glial fibrillary
acidic protein-positive astrocytes in the rat prefrontal cortex following ethanol
self-administration. Alcohol Clin Exp Res. 2015;39:650–8.

32. Rubio-Araiz A, Porcu F, Pérez-Hernández M, García-Gutiérrez MS, Aracil-Fernán-
dez MA, Gutierrez-López MD, et al. Disruption of blood-brain barrier integrity in
postmortem alcoholic brain: preclinical evidence of TLR4 involvement from a
binge-like drinking model. Addict Biol. 2016;22:1103—16

33. Lee KM, Mathies LD, Grotewiel M. Alcohol sedation in adult Drosophila is regu-
lated by Cysteine proteinase-1 in cortex glia. Commun Biol. 2019;2:252.

34. Melendez RI. Intermittent (every-other-day) drinking induces rapid escalation of
ethanol intake and preference in adolescent and adult C57BL/6J mice. Alcohol
Clin Exp Res. 2011;35:652–8.

35. Osterndorff-Kahanek E, Ponomarev I, Blednov YA, Harris RA. Gene expression in
brain and liver produced by three different regimens of alcohol consumption in
mice: comparison with immune activation. PLoS ONE. 2013;8:e59870.

36. Rose JH, Calipari ES, Mathews TA, Jones SR. Greater ethanol-induced locomotor
activation in DBA/2J versus C57BL/6J mice is not predicted by presynaptic striatal
dopamine dynamics. PLoS ONE. 2013;8:e83852.

37. Teske JA, Perez-Leighton CE, Billington CJ, Kotz CM. Methodological considera-
tions for measuring spontaneous physical activity in rodents. Am J Physiol Regul
Integr Comp Physiol. 2014;306:R714–21.

38. Blednov YA, Black M, Benavidez JM, Da Costa A, Mayfield J, Harris RA. Sedative
and Motor Incoordination Effects of Ethanol in Mice Lacking CD14, TLR2, TLR4, or
MyD88. Alcohol Clin Exp Res. 2017;41:531–40.

39. Szopa A, Poleszak E, Bogatko K, Wyska E, Wośko S, Doboszewska U, et al. DPCPX,
a selective adenosine A1 receptor antagonist, enhances the antidepressant-like
effects of imipramine, escitalopram, and reboxetine in mice behavioral tests.
Naunyn Schmiedebergs Arch Pharm. 2018;391:1361–71.

40. Chai H, Diaz-Castro B, Shigetomi E, Monte E, Octeau JC, Yu X, et al. Neural circuit-
specialized astrocytes: transcriptomic, proteomic, morphological, and functional
evidence. Neuron. 2017;95:531–49.e9.

41. Sun H-X, Wang D-R, Ye C-B, Hu Z-Z, Wang C-Y, Huang Z-L, et al. Activation of the
ventral tegmental area increased wakefulness in mice. Sleep Biol Rhythms.
2017;15:107–15.

42. Corkrum M, Covelo A, Lines J, Bellocchio L, Pisansky M, Loke K, et al. Dopamine-
evoked synaptic regulation in the nucleus accumbens requires astrocyte activity.
Neuron. 2020;105:1036–1047.e5

43. Yu X, Taylor AMW, Nagai J, Golshani P, Evans CJ, Coppola G, et al. Reducing
astrocyte calcium signaling in vivo alters striatal microcircuits and causes repe-
titive behavior. Neuron. 2018;99:1170–87.e9.

44. Fritz BM, Boehm SL. Adenosinergic regulation of binge-like ethanol drinking and
associated locomotor effects in male C57BL/6J mice. Pharmacol Biochem Behav
2015;135:83–89.

45. Blednov YA, Mayfield RD, Belknap J, Harris RA. Behavioral actions of alcohol:
phenotypic relations from multivariate analysis of mutant mouse data. Genes
Brain Behav. 2012;11:424–35.

46. Hines DJ, Haydon PG. Astrocytic adenosine: from synapses to psychiatric dis-
orders. Philos Trans R Soc Lond, B, Biol Sci. 2014;369:20130594–20130594.

47. Boué-Grabot E, Pankratov Y. Modulation of central synapses by astrocyte-
released ATP and postsynaptic P2X receptors. Neural Plast. 2017;2017:
9454275–11.

48. Hines DJ, Schmitt LI, Hines RM, Moss SJ, Haydon PG. Antidepressant effects of
sleep deprivation require astrocyte-dependent adenosine mediated signaling.
Transl Psychiatry. 2013;3:e212.

49. Etiévant A, Oosterhof C, Bétry C, Abrial E, Novo-Perez M, Rovera R, et al. Astroglial
control of the antidepressant-like effects of prefrontal cortex deep brain stimu-
lation. EBioMedicine. 2015;2:898–908.

50. Van Dort CJ, Baghdoyan HA, Lydic R. Adenosine A(1) and A(2A) receptors in
mouse prefrontal cortex modulate acetylcholine release and behavioral arousal. J
Neurosci. 2009;29:871–81.

51. Oliveira JF, Sardinha VM, Guerra-Gomes S, Araque A, Sousa N. Do stars govern our
actions? Astrocyte involvement in rodent behavior. Trends Neurosci.
2015;38:535–49.

52. Santello M, Toni N, Volterra A. Astrocyte function from information processing to
cognition and cognitive impairment. Nat Neurosci. 2019;22:154–66.

53. Carter ME, Yizhar O, Chikahisa S, Nguyen H, Adamantidis A, Nishino S, et al.
Tuning arousal with optogenetic modulation of locus coeruleus neurons. Nat
Neurosci. 2010;13:1526–33.

54. Jia X, Yan J, Xia J, Xiong J, Wang T, Chen Y, et al. Arousal effects of orexin A on
acute alcohol intoxication-induced coma in rats. Neuropharmacology.
2012;62:775–83.

55. Weinshenker D, Rust NC, Miller NS, Palmiter RD. Ethanol-associated behaviors of
mice lacking norepinephrine. J Neurosci. 2000;20:3157–64.

56. Wang T-H, Fan S-Y, Yan J, Chen Y, Ma PL. Role of noradrenalin in wake promotion
effect of orexin-A on alcohol coma in rats. Med J Chin Peoples Liberation Army.
2013;38:107–10.

57. Mitchell HA, Weinshenker D. Good night and good luck: norepinephrine in sleep
pharmacology. Biochem Pharmacol. 2010;79:801–9.

58. Bazargani N, Attwell D. Amines, astrocytes, and arousal. Neuron. 2017;94:228–31.
59. Bekar LK, He W, Nedergaard M. Locus coeruleus alpha-adrenergic-mediated

activation of cortical astrocytes in vivo. Cereb Cortex. 2008;18:2789–95.
60. Oe Y, Wang X, Patriarchi T, Konno A, Ozawa K, Yahagi K, et al. Distinct temporal

integration of noradrenaline signaling by astrocytic second messengers during
vigilance. Nat Commun. 2020;11:471.

61. Ding F, O’Donnell J, Thrane AS, Zeppenfeld D, Kang H, Xie L, et al. α1-Adrenergic
receptors mediate coordinated Ca2+ signaling of cortical astrocytes in awake,
behaving mice. Cell Calcium. 2013;54:387–94.

62. Pankratov Y, Lalo U. Role for astroglial α1-adrenoreceptors in gliotransmission
and control of synaptic plasticity in the neocortex. Front Cell Neurosci.
2015;9:230.

63. Thrane AS, Rangroo Thrane V, Zeppenfeld D, Lou N, Xu Q, Nagelhus EA, et al.
General anesthesia selectively disrupts astrocyte calcium signaling in the awake
mouse cortex. Proc Natl Acad Sci USA. 2012;109:18974–9.

64. Szabó Z, Héja L, Szalay G, Kékesi O, Füredi A, Szebényi K, et al. Extensive astrocyte
synchronization advances neuronal coupling in slow wave activity in vivo. Sci
Rep. 2017;7:6018.

65. Poskanzer KE, Yuste R. Astrocytes regulate cortical state switching in vivo. Proc
Natl Acad Sci USA. 2016;113:E2675–84.

66. Kjaerby C, Rasmussen R, Andersen M, Nedergaard M. Does global astrocytic
calcium signaling participate in awake brain state transitions and neuronal circuit
function? Neurochem Res. 2017;42:1810–22.

67. Ponomarev I, Wang S, Zhang L, Harris RA, Mayfield RD. Gene coexpression net-
works in human brain identify epigenetic modifications in alcohol dependence. J
Neurosci. 2012;32:1884–97.

68. Durkee CA, Covelo A, Lines J, Kofuji P, Aguilar J, Araque A. Gi/o protein-coupled
receptors inhibit neurons but activate astrocytes and stimulate gliotransmission.
Glia. 2019;174:59.

69. Sharma R, Engemann SC, Sahota P, Thakkar MM. Effects of ethanol on extra-
cellular levels of adenosine in the basal forebrain: an in vivo microdialysis study in
freely behaving rats. Alcohol Clin Exp Res. 2010;34:813–8.

70. Ferré S, O’Brien MC. Alcohol and caffeine: the perfect storm. J Caffeine Res.
2011;1:153–62.

71. Campisi P, Carmichael FJ, Crawford M, Orrego H, Khanna JM. Role of adenosine in
the ethanol-induced potentiation of the effects of general anesthetics in rats. Eur
J Pharmacol. 1997;325:165–72.

72. Clasadonte J, McIver SR, Schmitt LI, Halassa MM, Haydon PG. Chronic sleep
restriction disrupts sleep homeostasis and behavioral sensitivity to alcohol by
reducing the extracellular accumulation of adenosine. J Neurosci. 2014;34:
1879–91.

73. Smolen TN, Smolen A. Purinergic modulation of ethanol-induced sleep time in
long-sleep and short-sleep mice. Alcohol. 1991;8:123–30.

Cortical astrocytes regulate ethanol consumption and intoxication in mice
EK Erickson et al.

507

Neuropsychopharmacology (2021) 46:500 – 508



74. Thakkar MM, Engemann SC, Sharma R, Sahota P. Role of wake-promoting basal
forebrain and adenosinergic mechanisms in sleep-promoting effects of ethanol.
Alcohol Clin Exp Res. 2010;34:997–1005.

75. Elmenhorst E-M, Elmenhorst D, Benderoth S, Kroll T, Bauer A, Aeschbach D.
Cognitive impairments by alcohol and sleep deprivation indicate trait char-
acteristics and a potential role for adenosine A1 receptors. Proc Natl Acad Sci
USA. 2018;115:8009–14.

76. Ruby CL, O’Connor KM, Ayers-Ringler J, Choi D-S. Adenosine and glutamate in
neuroglial interaction: implications for circadian disorders and alcoholism. Adv
Neurobiol. 2014;11:103–19.

77. Choi D-S, Cascini M-G, Mailliard W, Young H, Paredes P, McMahon T, et al. The
type 1 equilibrative nucleoside transporter regulates ethanol intoxication and
preference. Nat Neurosci. 2004;7:855–61.

78. Lee MR, Ruby CL, Hinton DJ, Choi S, Adams CA, Young Kang N, et al. Striatal
adenosine signaling regulates EAAT2 and astrocytic AQP4 expression and alcohol
drinking in mice. Neuropsychopharmacology. 2013;38:437–45.

79. Asatryan L, Nam HW, Lee MR, Thakkar MM, Saeed Dar M, Davies DL, et al.
Implication of the purinergic system in alcohol use disorders. Alcohol Clin Exp
Res. 2011;35:584–94.

80. Prediger RDS, da Silva GE, Batista LC, Bittencourt AL, Takahashi RN. Activation of
adenosine A1 receptors reduces anxiety-like behavior during acute ethanol
withdrawal (hangover) in mice. Neuropsychopharmacology. 2006;31:2210–20.

81. Prediger RDS, Batista LC, Takahashi RN. Adenosine A1 receptors modulate the
anxiolytic-like effect of ethanol in the elevated plus-maze in mice. Eur J Phar-
macol. 2004;499:147–54.

82. Perea G, Gómez R, Mederos S, Covelo A, Ballesteros JJ, Schlosser L, et al. Activity-
dependent switch of GABAergic inhibition into glutamatergic excitation in
astrocyte-neuron networks. Elife. 2016;5:1250.

83. Paukert M, Agarwal A, Cha J, Doze VA, Kang JU, Bergles DE. Norepinephrine
controls astroglial responsiveness to local circuit activity. Neuron. 2014;82:
1263–70.

84. Augier E, Barbier E, Dulman RS, Licheri V, Augier G, Domi E, et al. A molecular
mechanism for choosing alcohol over an alternative reward. Science. 2018;360:
1321–6.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

Cortical astrocytes regulate ethanol consumption and intoxication in mice
EK Erickson et al.

508

Neuropsychopharmacology (2021) 46:500 – 508

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cortical astrocytes regulate ethanol consumption and intoxication in mice
	Introduction
	Materials and methods
	Animals
	Viruses
	Stereotaxic surgery
	Chemicals
	Immunohistochemistry
	Ethanol drinking
	Saccharin preference
	Locomotor activity
	Loss of righting reflex
	Statistical analysis

	Results
	Activating astrocyte calcium signaling increases ethanol consumption in ethanol-naïve mice
	Reducing cortical astrocyte calcium signaling suppresses escalation of ethanol drinking in ethanol-naïve mice
	Astrocytes regulate locomotor response to ethanol
	Astrocytes regulate sedative-hypnotic effects of ethanol
	Adenosine receptors are required for astrocyte-enhanced ethanol sedation

	Discussion
	Funding and disclosure
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




