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Adenosine-regulated glutamate signaling in astrocytes is implicated in many neurological and neuropsy-
chiatric disorders. In this study, we examined whether adenosine A1 receptor regulates EAAT2 expression
in astrocytes using pharmacological agents and siRNAs. We found that adenosine A1 receptor-specific
antagonist DPCPX or PSB36 decreased EAAT2 expression in a dose-dependent manner. Consistently,

Keywords: knockdown of Al receptor in astrocytes decreased EAAT2 mRNA expression while overexpression of
E/?Ath . A1 receptor upregulated EAAT2 expression and function. Since A1 receptor activation is mainly coupled
utamate

to inhibitory G-proteins and inhibits the activity of adenylate cyclase, we investigated the effect of for-
skolin, which activates adenylate cyclase activity, on EAAT2 mRNA levels. Interestingly, we found that
forskolin reduced EAAT2 expression in dose- and time-dependent manners. In contrast, adenylate cyclase
inhibitor SQ22536 increased EAAT2 expression in dose- and time-dependent manners. In addition, for-
skolin blocked ethanol-induced EAAT2 upregulation. Taken together, these results suggest that A1 recep-
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tor-mediated signaling regulates EAAT2 expression in astrocytes.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Adenosine signaling has been implicated in the pathophysiol-
ogy of many central nervous system disorders including alcohol-
ism [1,2]. Adenosine, an inhibitory neurotransmitter or a
neuromodulator, exerts its function via four well-characterized
G-protein coupled adenosine receptors, A1, A2A, A2B, and A3 [3].
Extracellular or synaptic adenosine levels are mainly regulated
by nucleoside transporters [4]. Among several nucleoside trans-
porters, type 1 equilibrative nucleoside transporter (ENT1) regu-
lates extracellular adenosine levels in response to acute ethanol
treatment in cultured cells [5]. Acute ethanol treatment increases
extracellular adenosine in cultured cells by selectively inhibiting
ENT1, while chronic ethanol exposure results in tolerance charac-
terized by a decrease in ENT1 expression and extracellular adeno-
sine levels are no longer increased [5]. Since mice lacking ENT1
exhibit reduced ataxic/hypnotic effects to acute ethanol exposure
[6] and lowered initial ethanol sensitivity [7], ENT1 null mice mi-
mic the status of chronic ethanol treatment. Consistently, ENT1
null mice consume more alcohol compared to wild-type litter-
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mates [6]. One of the neural mechanisms underlying these behav-
iors is attributed to increased glutamate neurotransmission in the
nucleus accumbens (NAc) [6]. Our recent study indicates that in-
creased tolerance to acute ethanol intoxication is possibly related
to increased glutamate signaling in ENT1 null mice [7]. Moreover,
we have also found that inhibition of ENT1 expression or activity
reduces EAAT2 expression and glutamate activity in cultured astro-
cytes, which might contribute to increased extracellular glutamate
levels in ENT1 null mice [8].

One of the important roles of astrocytes, which are the most abun-
dant cell type in the mammalian central nervous system, is to uptake
glutamate in the synaptic cleft to protect neurons from excessive
stimulation [9]. Glutamate uptake is primarily mediated by excit-
atory amino acid transporters (EAATs including EAAT1-5) in the cen-
tral nervous system. EAATs are sodium- and potassium-dependent
members of solute carrier family 1 (SLC1) and are widely distributed
throughout the mammalian brain [10]. Among the five mammalian
EAATs, EAAT1 and EAAT?2 are expressed in astrocytes [10]. However,
EAAT?2 is responsible for ~90% of glutamate uptake into astrocytes
[11,12]. Since adenosine A1 receptor (A1R) is abundantly expressed
in astrocytes [13,14] along with EAAT2, we investigated the role of
A1R and its signaling pathway in regulating EAAT2 expression. Here,
we examined whether A1R expression or function is correlated with
EAAT2 mRNA levels in astrocytes using A1R-selective antagonists,
A1R-specific siRNAs, or overexpression. Our results suggest that
A1R-mediated signaling regulates EAAT2 expression in astrocytes.
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2. Materials and methods
2.1. Astrocyte culture and reagents

The astrocytic cell line C8-D1A was obtained from ATCC (Amer-
ican Type Culture Collection, VA), which was cloned from the
mouse cerebellum [15]. As we previously described [8], cells were
maintained in Dulbecco’s modified Eagle medium containing glu-
cose (Invitrogen, Carlsbad, CA), 10% heat-inactivated fetal bovine
serum (FBS; ATCC, American Type Culture Collection, VA), 1% L-glu-
tamine (Gibco, Auckland, New Zealand), and 1% Antibiotic-Anti-
mycotic (Invitrogen). Monolayers were cultured at 37 °C in the
presence of 5% C0,/95% O, (normoxia) in a fully humidified atmo-
sphere with medium replacement every 2-3 days. DPCPX (8-cyclo-
pentyl-1,3-dipropylxanthine), PSB36, forskolin, and SQ22536 were
purchased from Tocris Bioscience (Ellisville, MO) and ethanol was
purchased from Sigma-Aldrich (St. Louis, MO).

2.2. Real-time RT-PCR

To measure mRNA levels, real-time quantitative RT-PCR was per-
formed with the iCycler IQ real-time PCR detection system (Bio-Rad
Laboratories, Inc., Hercules, CA) using QuantiTect SYBR Green RT-
PCR Kit (Qiagen, Valencia, CA). Total RNA was isolated using RNA-
easy-Mini kit (Qiagen) and treated with the TURBO DNA-free RNA
Kit (Ambion, Austin, TX) to remove residual DNA for analysis of gene
expression levels using quantitative RT-PCR as described [8]. Gene-
specific primers for ENT1, EAAT2, A1R, and GAPDH were purchased
(Qiagen). The real-time RT-PCR experiment was performed as de-
scribed [8]. The mRNA expressions of the genes were normalized
by GAPDH as a housekeeping gene. Fold or percentage changes were
calculated by subtracting GAPDH Ct values from Ct values for the
gene of interest using the 2722 method [16].

2.3. A1 receptor and ENT1 knockdown in astrocytes

The target sequences of A1R-8 siRNA and A1R-10 siRNA for Al
receptors are 5'-CACTGTCTTCACCAAACTAAA-3' and 5-CTCCTTG
GGTGTGAATATTGA-3/, respectively. The target sequences of
ENT1-1 siRNA and ENT1-3 siRNA for ENT1 are 5'-CAGGACAGGTAT
AAGGCAGTA-3' and 5'-AAGATTGTGCTCATCAATTCA-3/, respec-
tively. siRNAs for A1R, ENT1 or control siRNA (10 nM) were trans-
fected into 10° astrocytes in a 24-well plate using HiPerFect
transfection reagent (Qiagen). Forty-eight hours after the transfec-
tion, total RNA was isolated and the expression levels of ENT1, A1R,
and EAAT2 mRNA were measured by real-time RT-PCR.

2.4. A1 receptor overexpression

pCMV-SPORT6-A1R (OriGene, Rockville, MD) was used to overex-
press mouse A1R in the astrocyte C8-D1A cell line. One microgram
DNA constructs (pCMV-SPORT6 as a control or pCMV-SPORT6-
A1R) were transfected into 10° astrocytes in a 24-well plate or
5 x 10° astrocytes in 6-well plates using 4 pl Lipofectamine 2000
(Invitrogen). After the transfection, total RNA was isolated at differ-
ent times and the expression levels of AIR mRNA, ENT1 mRNA and
EAAT2 mRNA were measured by real-time RT-PCR. For A1R and
EAAT?2 protein expression levels, [°?H] DPCPX binding and glutamate
uptake assays were performed, respectively.

2.5. [’H] DPCPX binding assay
A1R binding of transfected astrocytes was measured using A1R

antagonist [3H] DPCPX (specific radioactivity: 120 Ci/mmol, con-
centration: 1.0 mCi/ml; American Radiolabeled Chemicals, St.

Louis, MO) as described [17]. Specific binding (A1R protein expres-
sion level) was defined as total minus nonspecific binding.

2.6. Glutamate uptake assay

Glutamate uptake activity of astrocytes using 1-[G-3H]-glutamic
acid (specific radioactivity: 29 Ci/mmol, concentration: 1.0 mCi/
ml; Amersham Bioscience, Arlington Heights, IL) was measured
as described [8]. Glutamate uptake was initiated by the addition
of uptake buffer containing 2.5 pM glutamate with 2 pCi/ml radio-
labeled [3H]-glutamate. The relative level of glutamate uptake was
calculated using the ratio of radioactivity to protein quantity of cell
extracts.

2.7. Statistical analysis

All data were expressed as mean = SEM (standard error mean)
and were analyzed by unpaired two-tailed t-tests or one-way AN-
OVA followed by a Tukey post hoc test for individual comparisons.
Results of comparisons were considered significantly different if
the p value was less than 0.05.

3. Results
3.1. A1 receptor regulates EAAT2 expression and function

Since adenosine A1 receptor (A1R) is known to promote gluta-
mate-mediated synaptic neurotransmission in the hippocampus
[18] and striatum [19], we examined whether pharmacological
inhibition of A1R alters EAAT2 expression in astrocytes. First, we
treated astrocytes with a highly selective A1R antagonist, DPCPX,
for 24 h and then analyzed EAAT2 mRNA expression using real-
time RT-PCR. As shown in Fig. 1A, DPCPX treatment significantly
decreased EAAT2 mRNA expression. One-way ANOVA analysis
indicated a significant effect of DPCPX (F; 13 =9.52, p < 0.001). We
also examined the effect of PSB36, another A1R antagonist. As
shown in Fig. 1B, a 24 h treatment with PSB36 significantly re-
duced EAAT2 mRNA levels. Similarly, one-way ANOVA analysis re-
vealed a significant effect of PSB36 (F312 =15.01, p <0.001). We
further examined whether inhibition of A1R regulates EAAT2
expression using siRNA. We confirmed that two different siRNA
constructs against A1R significantly decreased A1IR mRNA levels
48 h after transfection compared to non-silencing control siRNA
(Fig. 1C). Both siRNAs for A1R significantly reduced EAAT2 mRNA
levels (Fig. 1D). These results suggest that A1R regulates EAAT2
expression in astrocytes. Next, we examined whether overexpres-
sion of A1R increases EAAT2 expression. As shown in Fig. 1E and F,
ATR mRNA levels were significantly increased (Fig. 1E) and A1R
protein levels were also significantly increased by 4.6-fold
(Fig. 1F) in astrocytes transfected with pCMV-A1R compared to
those treated with vehicle plasmid. Overexpressed A1R signifi-
cantly upregulated EAAT2 mRNA levels at 48 and 72 h (Fig. 1G)
and increased EAAT2 glutamate uptake activity by 2.1-fold
(Fig. 1H). Together, these results demonstrate that A1R expression
is causally related to EAAT2 expression and function in astrocytes.

3.2. Effects of ENT1 and A1 receptor knockdown in decreasing EAAT2
expression

Since we previously reported that inhibition of ENT1 function or
expression decreases EAAT2 mRNA expression [8], we examined
the effect of simultaneous ENT1 and A1R inhibition by a combina-
tion of siRNAs. As we reported previously, two siRNAs against
ENT1 significantly reduced ENT1 mRNA [8]. The treatment of
siRNAs against AIR has no effect on ENT1 mRNA expression
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Fig. 1. Inhibition of A1 receptor decreases EAAT2 mRNA expression. (A) EAAT2 mRNA expression was decreased by DPCPX at 5 and 50 uM (n = 6). (B) EAAT2 mRNA
expression was reduced by PSB36 at 1 and 10 uM (n = 4). *p < 0.05, compared to the control group by Tukey post hoc tests. (C) A1R mRNA levels were knocked down after A1R
siRNA transfection for 48 h (n = 4). (D) EAAT2 mRNA levels were reduced by A1R knockdown (n =4). 10 nM non-silencing siRNA or A1R siRNAs (A1R-8 siRNA and A1R-10
siRNA) were used to treat cells. (E) AR mRNA levels were increased after 48 and 72 h of A1R cloned gene transfection (n = 4). (F) Similarly, A1R protein expression levels were
increased by 4.6-fold after 48 h of gene transfection (n = 3-4). (G) EAAT2 mRNA levels were upregulated by cloned A1R (n = 4). (H) EAAT2 glutamate uptake activity were
increased by A1R overexpression (n = 6). The levels of AIR mRNA or EAAT2 mRNA were determined by real time RT-PCR using GAPDH as an internal normalization control.
The levels of A1R and EAAT2 protein were determined using A1R-specific radioligand binding assay and EAAT2 glutamate uptake assay, respectively. *p < 0.05, compared to
non-silencing siRNA-treated cells by unpaired two-tailed t-test. All data were expressed as mean + SEM.

(Fig. 2A). In addition, combined treatments of siRNA against ENT1
and A1R showed a similar result as siRNA treatment against ENT1
alone (Fig. 2A). On the other hand, ENT1-specific siRNA has no ef-
fect on A1IR mRNA expression (Fig. 2B). Interestingly, as shown in
Fig. 2C, inhibition of both ENT1 and A1R reduced EAAT2 mRNA lev-
els similarly to the inhibition of ENT1 or A1R alone, suggesting a
threshold reduction of EAAT2 mRNA levels could have been
achieved. Furthermore, ENT1 siRNA-mediated downregulation of
EAAT2 mRNA expression was rescued by A1R overexpression
(Fig. 2D), therefore, both ENT1 and A1R can regulate EAAT2 expres-
sion in astrocytes.

3.3. Adenylate cyclase regulates EAAT2 and ENT1 mRNA expressions

Since A1R is an inhibitory G-protein coupled receptor, its inhibi-
tion or knockdown may increase the activity of adenylate cyclase
and subsequently elevate cAMP levels. Thus, we examined whether
activation of adenylate cyclase by forskolin decreases EAAT2 mRNA
expression. As shown in Fig. 3A, EAAT2 mRNA expression was
reduced in a dose-dependent manner (one-way ANOVA, Fsis=
15.53, p <0.0001) by forskolin. Also, EAAT2 mRNA expression was
significantly reduced in a time-dependent manner during exposure
to 100 uM forskolin (Fig. 3B). One-way ANOVA analysis displayed a
significant effect of time (F514 = 18.00, p < 0.0001). We then exam-
ined whether inhibition of adenylate cyclase increases EAAT2 mRNA
expression. As shown in Fig. 3C, treatment with adenylate cyclase
inhibitor SQ22536 increased EAAT2 mRNA expression. One-way
ANOVA analysis showed a significant effect of dose (F59=11.09,
p <0.01). Aswe expected, EAAT2 mRNA expression was significantly
increased in a time-dependent manner in astrocytes exposed to
1 mM SQ22536. One-way ANOVA analysis indicated significant

effect of time (Fs »5 = 6.703, p < 0.001). Also, forskolin was able to in-
hibit the A1R-mediated increase in EAAT2 expression in a dose-
dependent manner (Fig. 3E). One-way ANOVA analysis indicated
significant effect of dose (F4,12 = 27.19,p < 0.0001). Furthermore, for-
skolin treatment (20 M) was able to reduce ENT1 mRNA expression
in astrocytes. These data suggest that adenylate cyclase regulates
EAAT2 and ENT1 mRNA expressions in astrocytes.

3.4. Forskolin inhibits ethanol-induced upregulation of EAAT2
expression

Since several EAAT2 splice variants also regulate glutamate up-
take activity [20], we examined the effect of ethanol on two major
EAAT2 splice variants (EAAT2a and EAAT2b) in astrocytes. As
shown in Fig. 4A, mRNA expression of EAAT2 and its splicing vari-
ants were significantly increased by ethanol treatment (100 mM).
One-way ANOVA analysis revealed a significant effect of ethanol
dose (F,,7 =34.88, p<0.0001). Interestingly, forskolin treatment
inhibited ethanol-induced EAAT2 mRNA expression (Fig. 4B). These
results indicate that cAMP signaling contributes to ethanol-regu-
lated EAAT2 mRNA expression in astrocytes.

4. Discussion

One of the main functions of astrocytes is to regulate glutamate
levels in the brain. Rapid removal of extracellular or synaptic glu-
tamate plays an important role in neuronal activity and dysregula-
tion of this process can result in various neuronal diseases
including addictive and psychiatric disorders [21]. Glutamate-
mediated excitatory signaling contributes to the pathogenesis of
alcohol abuse and dependence [22,23]. We previously reported
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Fig. 2. Both ENT1 and A1 receptor knockdown decrease EAAT2 expression. (A) ENT1 mRNA levels were specifically knocked down after ENT1 siRNA transfection for 48 h
(n=4). (B) AIR mRNA levels were specifically knocked down after A1R siRNA transfection for 48 h (n =4). (C) EAAT2 mRNA levels were reduced by co-treatment of ENT1
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48 h. (D) ENT1 siRNA-mediated downregulation of EAAT2 mRNA expression was rescued by A1R overexpression (n = 3-4). The levels of ENT1, A1R, and EAAT2 mRNA were
determined by real time RT-PCR using GAPDH as an internal normalization control (n = 4). *p < 0.05 compared to non-silencing siRNA-treated cells by unpaired two tailed t-

test. All data were expressed as mean + SEM.

that EAAT2 expression is causally related to glutamate uptake
activity in astrocytes [8] and our present study suggests that aden-
osine AIR and its downstream signaling regulate EAAT2 mRNA
expression and function.

Interestingly, inhibition of the presynaptic adenosine A1R is
known to promote glutamate-mediated synaptic neurotransmis-
sion in the hippocampus [18]. Similarly, inhibition of adenosine
A1R in the striatum increases glutamate-evoked postsynaptic
activity [19]. Our previous data demonstrated that diminished
A1R function might be causally related to increased glutamate re-
lease in the nucleus accumbens of ENT1 null mice [6]. Our new
findings in this study demonstrate that inhibition of adenosine
A1R expression decreases EAAT2 expression, suggesting that A1R
might regulate ethanol-sensitive EAAT2. Thus, it appears that the
observed increased extracellular glutamate of ENT1 null mice
could be a result of not only increased glutamate release but also
reduced glutamate uptake. Additionally, we found that overexpres-
sion of A1R increased EAAT2 mRNA and protein expression, sug-
gesting that AT1R expression is positively correlated with EAAT2
expression. Overexpression of A1R was able to rescue ENT1 siR-
NA-mediated downregulation of EAAT2 mRNA expression.
Previously, we demonstrated that A1R agonist, N®-CPA (cyclopen-
tyladenosine), reduces ethanol consumption in ENT1 null mice
[6], further supporting the assertion that A1R as well as EAAT2
might regulate ethanol intake.

The expression pattern of ENT1 in the human brain closely
overlaps that of A1R [24] and adenosine contributes to ethanol-in-
duced ataxia primarily through activation of A1 rather than A2A
receptors [25]. Therefore, A1R-regulated EAAT2 mRNA expression
appears to contribute to ethanol sensitivity and tolerance. A1R is
coupled to G; or G, which inhibit cAMP production and PKA activ-
ity, possibly leading to a decrease of CREB activity [26]. In contrast,
A2A receptors are coupled to G or G5, and stimulate adenylate cy-

clase [27]. Our data showed that activating adenylate cyclase activ-
ity by forskolin decreases EAAT2 mRNA expression, suggesting that
Gi-coupled A1R is most likely responsible for regulating EAAT2
mRNA expression in astrocytes. However, since A2A receptor is
also expressed in astrocytes, further studies are required to deter-
mine whether A2A receptor activity or an interaction between Al
and A2A receptors contributes to EAAT2 expression and function.

Interestingly, EAAT2 expression seems to be regulated by CREB
in primary cultured cells [28]. Since our current study demon-
strated that decreased adenylate cyclase activity elevates EAAT2
expression, reduced cAMP-dependent protein kinase A (PKA) and
CREB activity might increase EAAT2 expression. This possibility
suggests that PKA-driven CREB might regulate EAAT2 expression
indirectly by regulating other transcription factors of EAAT2
expression. Thus far, we have not found a putative CREB binding
site in the proximal mouse EAAT2 promoter region (data not
shown). Interestingly, a recent study showed that transcription
factors NF-xB [29] and kappa B-motif binding phosphoprotein
(KBBP) [30] regulate EAAT2 expression. Thus, further studies are
warranted to uncover downstream transcription factors of adeno-
sine A1R signaling, which could interact with the EAAT2 promoter
region.

Mouse EAAT2 (Slc1a2) gene is located in a central part of chro-
mosome 2 (E2) [31], near quantitative trait loci that modulate neu-
ro-excitability and seizure frequency in mouse models of alcohol
withdrawal and epilepsy [32]. One genetic variant of EAAT2,
G603A, is known to be associated with antisocial alcoholics [33]
and cirrhotic alcoholics [34]. EAAT2 expression has also been
implicated in morphine and methamphetamine addiction [35].
Microinjection of EAAT2 expression vector into the nucleus accum-
bens is known to attenuate morphine and methamphetamine-in-
duced conditioned place preference [35]. Interestingly, systemic
administration of ceftriaxone, a B-lactam antibiotic, which is
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Fig. 3. Adenylate cyclase activity regulates EAAT2 expression in astrocytes. (A)
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1 mM SQ22536 treatment. (E) A1R-mediated increase in EAAT2 expression was
inhibited by forskolin in a dose-dependent manner. (F) ENT1 mRNA levels were
significantly reduced after 20 uM forskolin treatment. The levels of EAAT2 mRNA
were determined by real time RT-PCR using GAPDH as an internal normalization
control (n=4). *p<0.05 compared to control group and *p <0.05 compared to
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tests. All data were expressed as mean * SEM.

known to increase brain EAAT2 expression levels [36], decreases
cocaine self-administration in rats [37,38].

In summary, our findings provide a possible correlation be-
tween A1R expression or function and EAAT2 mRNA expression
in astrocytes. Since glutamate signaling is involved in several as-
pects of alcohol use disorders, the current study of adenosine-med-
iated glutamate signaling will be helpful in understanding the
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Fig. 4. Adenylate cyclase activator forskolin inhibits ethanol-induced EAAT2
upregulation. (A) mRNA levels of EAAT2 and two EAAT2 variants (EAAT2a and
EAAT2b) were upregulated in astrocytes exposed to 100 mM ethanol treatment for
24 h. (B) Ethanol-mediated EAAT2 upregulation was completely blocked by 20 pM
forskolin treatment for 24 h. The levels of EAAT2 mRNA were determined by real
time RT-PCR using GAPDH as an internal normalization control (n=4). *p <0.05
compared to control group by unpaired two tailed t-tests. All data were expressed
as mean * SEM.

etiology of alcohol use disorders in humans as well as in develop-
ing novel therapeutic strategies.
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