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Astrocytic glutamate transporter-1 (GLT-I) is critical to control the bulk of glutamate uptake and, thus, to regulate synaptic plasticity and
excitotoxicity. GLT-I glutamate uptake is driven by the sodium gradient implemented by Na �/K �-ATPases (NKAs) and the �2 subunit
of NKA (NKA-�2) is actually linked to GLT-I to regulate astrocytic glutamate transport. We recently found that adenosine A2A receptors
(A2ARs), which control synaptic plasticity and neurodegeneration, regulate glutamate uptake through unknown mechanisms. Here we
report that A2AR activation decreases NKA activity selectively in astrocytes to inhibit glutamate uptake. Furthermore, we found a physical
association of A2ARs with NKA-�2s in astrocytes, as gauged by coimmunoprecipitation and in situ proximity ligation assays, in the
cerebral cortex and striatum, two brain regions where A2ARs inhibit the astrocytic glutamate uptake. Moreover, the selective deletion of
A2ARs in astrocytes (using Gfa2-A2AR-KO mice) leads to a concurrent increase of both astrocytic glutamate uptake and NKA-�2 levels and
activity in the striatum and cortex. This coupling of astrocytic A2ARs to the regulation of glutamate transport through modulation of
NKA-�2 activity provides a novel mechanism linking neuronal activity to ion homeostasis controlling glutamatergic activity, all of which
are processes intricately associated with the etiology of several brain diseases.

Introduction
Glutamate is the most abundant neurotransmitter, mediating
nearly 80% of synaptic transmission in the brain (Benarroch,
2010). To manage the rapid extracellular buildup and prevent the
harmful consequences of overstimulating glutamate receptors,
an efficient transport system dynamically regulates the extracel-
lular glutamate levels, thus preventing glutamate accumulation
and “spillover” between neighboring synapses (Dunlop, 2006).
The astroglial-specific glutamate transporter-I subtype (GLT-I)
is the dominant glutamate transporter in the adult brain. This
transporter’s importance is underscored by the impact of modi-
fying GLT-I activity on synaptic plasticity as well as on neurode-
generation (Sattler and Rothstein, 2006). GLT-Is are Na�-
dependent transporters, relying on the Na� electrochemical
gradient generated by Na�/K�-ATPases (NKAs) to drive gluta-
mate uptake (Anderson and Swanson, 2000). NKAs comprise a
class of ubiquitous plasma membrane enzymes responsible for
maintaining the membrane potential of cells using the energy of
adenosine triphosphate (ATP) hydrolysis (Reinhard et al., 2013).

A functional NKA consists of a catalytic �-subunit harboring the
ATP-binding sites and a smaller �-subunit required for full en-
zymatic activity and also functioning as an anchoring protein
(Aperia, 2007). In the brain, three different �-subunit isoforms
are present in a cell-specific manner: the low-affinity �1 is present
in all cell types, the high-affinity �2 isoform is restricted to astro-
cytes, and the high-affinity �3 isoform is expressed exclusively in
neurons (Benarroch, 2011). Thus, it is not surprising that NKA
activity and specifically the �2 isoform has emerged as a robust
modulator of glutamate uptake in astrocytes, as heralded by the
observations that (1) ATP depletion leads to a reversal of gluta-
mate uptake (Longuemare et al., 1999); (2) inhibitors of NKA,
such as ouabain, impair glutamate transporter activity (Pellerin
and Magistretti, 1997; Rose et al., 2009; Genda et al., 2011) and
lead to glutamate transporter clustering and redistribution (Na-
kagawa et al., 2008; Nguyen et al., 2010); and (3) the �2 subunit of
NKA colocalizes and physically associates in the same protein
complex with glutamate transporters (Cholet et al., 2002; Rose et
al., 2009; Genda et al., 2011).

We have previously shown that adenosine, a classical and
ubiquitous modulator of synaptic transmission (Fredholm et al.,
2005), by activating astrocytic adenosine A2A receptors (A2ARs),
controls the uptake of glutamate through a dual mechanism (Ma-
tos et al., 2012b): a long-term activation of A2AR triggers a cAMP/
protein kinase A-dependent decrease of the expression of GLT-I
and glutamate-aspartate transporter (GLAST) before the reduc-
tion of the levels and activity of both transporters (Matos et al.,
2012b), whereas the acute short-term activation of astrocytic
A2ARs decreases the activity of glutamate transporters through an
unknown mechanism that might depend on the physical prox-
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imity of A2ARs and GLT-I (Matos et al., 2012b). We have now
tackled the mechanism of A2AR-mediated inhibition of the astro-
cytic glutamate transport, which was found to depend on a phys-
ical association and modulation by A2ARs of NKA-�2 in
astrocytes. This provides the first demonstration that A2ARs con-
trol ion homeostasis in astrocytes, paving the way to understand
the broad neuroprotective impact of A2AR antagonists in differ-
ent brain disorders (Gomes et al., 2011).

Materials and Methods
Animals. Initial experiments were performed using adult (2–3 months
old) male C57BL/6 mice. We also used glial fibrillary acidic protein
(GFAP) gene promoter-driven A2AR conditional knock-out (Gfa2-
A2AR-KO) mice, which were generated using the Cre/loxP system, as
previously described (Matos et al., 2012b). The Gfa2-Cre line was ob-
tained from David Gutmann (Department Neurology, Washington Uni-
versity School of Medicine, St. Louis, Missouri) using the gfa2 transgene
construct (Bajenaru et al., 2002). The transgene construct consists of the
2.2 kb fragment of the human GFAP promoter (Gfa2; obtained from M.
Brenner, National Institute of Neurological Disorders and Stroke) cou-
pled to the encephalomyocarditis virus IRES and to a cDNA encoding the
nucleus-targeted Cre recombinase (for details, see Lee et al., 2006, 2008).
The 55 bp segment of the gfa2 promoter, spanning bp 21488 to 21434
with respect to the RNA start site, has been shown to contain a 45 bp
sequence spanning bp 21443 to 21399 required for silencing expression
in neurons. Thus, the specific Gfa2 promoter, in opposition to other
GFAP promoter constructs, has been elegantly shown as astrocyte-
specific in all CNS regions (Lee et al., 2008). Briefly, both transgenic
Gfa2-cre mice (Bajenaru et al., 2002) and mice carrying the ‘‘floxed”
A2AR gene (A2A

flox/flox; Bastia et al., 2005) were back-crossed for 10 –12
generations to C57BL/6 mice (Charles River). Gfa2-cre mice were then
crossed with nontransgenic (no cre) A2A

flox/flox mice to generate Gfa2-
A2AR-KO and Gfa2-A2AR-WT mice. Animals were maintained in a con-
trolled environment (23 � 2°C; 12 h light/dark cycle; ad libitum access to
food and water) and handled according to the Animal Care and Use
Committee at Boston University School of Medicine and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
(1982).

Preparation of total membranes. Mice were killed by decapitation after
deep anesthesia with isoflurane and cortical and striatal brain tissue was
collected and homogenized in sucrose (0.32 M) solution [containing 1
mM EDTA, 10 mM HEPES, 1 mg/ml bovine serum albumin (BSA; Sigma-
Aldrich), pH 7.4] at 4°C. The homogenates were centrifuged at 3000 � g
for 10 min at 4°C and the resulting supernatants were centrifuged again at
14,000 � g for 10 min at 4°C. The pellets were washed in Krebs-HEPES-
Ringer solution (140 mM NaCl, 1 mM EDTA, 10 mM HEPES, 5 mM KCl, 5
mM glucose, pH 7.4) at 4°C and further centrifuged at 14,000 � g for 10
min at 4°C. The pellets were resuspended in RIPA buffer (150 mM NaCl,
1.0% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM

Tris, pH 8.0) with protease inhibitor mixture (CLAPS, composed of 10
�g/ml chymostatin, leupeptin, antipain, and pepstatin A; Sigma-Aldrich.
The protein content was then measured with the bicinchoninic acid
(BCA) assay (Thermo Scientific).

Preparation of gliosomes and synaptosomes. After the homogenization
of the brain tissue (cortex or striatum), purified synaptosomes and glio-
somes were obtained using a discontinuous Percoll gradient (2, 6, 15, and
23% v/v of Percoll in a medium containing 0.32 M sucrose and 1 mM

EDTA, pH 7.4), as previously described (Matos et al., 2012b). The layers
between 2 and 6% of Percoll (gliosomal fraction) and between 15 and
23% of Percoll (purified presynaptic nerve terminals, i.e., synaptosomal
fraction) were collected, washed in 10 ml of HEPES buffered medium
(140 mM NaCl, 5 mM KCl, 5 mM NaHCO3, 1.2 mM NaH2PO4, 1 mM

MgCl2, 10 mM glucose, 10 mM HEPES, pH 7.4) and further centrifuged at
22,000 � g for 15 min at 4°C to remove myelin components and post-
synaptic material from the gliosomal and synaptosomal fractions, re-
spectively. Crude synaptosomes were prepared after consecutive
differential centrifugations of the brain homogenate in sucrose solution
and in a 45% Percoll solution at 4°C (Canas et al., 2009). The fractions

were resuspended either in Krebs buffer containing (in mM) 132 NaCl, 4
KCl, 1.2 Na2HPO4, 1.4 MgCl2, 6 glucose, 10 HEPES, 1 CaCl2, pH 7.4) or
in N-methylglucamine (NMG) buffer, which is identical to Krebs buffer
except that NaCl is isosmotically replaced by NMG.

NKA activity assay. NKA activity in synaptosomes and gliosomes was
measured using a high-sensitivity colorimetric ATPase assay kit follow-
ing the manufacturer’s instructions (Innova Biosciences). Gliosomes or
synaptosomes (20 �g) were incubated with the reaction buffer contain-
ing 100 mM Tris, 1 mM ATP, and 5 mM MgCl2, pH 7.4, in the absence or
in the presence of ouabain (0.01 �M–2 mM), [[6-amino-9-(N-ethyl-�-D-
ribofuranuronamidosyl)-9H-purin-2 yl]amino]ethyl]benzene propanoic
acid hydrochloride (CGS 21680; 30–100 nM) and/or 2-(2-furanyl)-7-(2-
phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine
(SCH 58261; 50 nM) for 30 min, at 37°C. The amount of inorganic phosphate
(Pi) released was quantified colorimetrically at 630 nm, as previously de-
scribed (Sarkar, 2002; Nguyen et al., 2010) and the protein content measured
with the BCA assay. The specific activity of NKA was calculated by subtract-
ing the ouabain-insensitive activity from the overall activity (in the absence
of ouabain) and expressed as �mol Pi liberated from ATP by 1 �g of protein
(�mol Pi/�g protein).

[3H]D-aspartate uptake. The uptake of the nonmetabolizable gluta-
mate analog [ 3H]D-aspartate is a validated readout of the activity of
glutamate transporters (Anderson and Swanson, 2000) and was per-
formed as previously described (Matos et al., 2012a, b). Briefly, the glio-
somal or synaptosomal fractions were diluted in Krebs or NMG buffer
and equilibrated at 37°C for 10 min. Triplicates (150 �l) of each fractions
were added to 150 �l of Krebs or NMG medium containing a final
concentration of 50 nM [ 3H]D-aspartate (11.3 Ci/mmol; PerkinElmer).
The mixtures were incubated for 10 min at 37°C and the reaction termi-
nated by rapid vacuum filtration over Whatman GF/C glass microfiber
filters (GE Healthcare) and further washed three times with ice-cold
NMG buffer. Filters were dried overnight, drenched in 2 ml of liquid
scintillation mixture (PerkinElmer), and counted on a LKB Wallac 1219
liquid scintillation counter (Wallac). The specific uptake of [ 3H]D-
aspartate was calculated by subtraction from the total uptake of the non-
specific uptake measured in a Na �-free medium (NMG).

Drug treatments. The selective A2AR agonist CGS 21680 (Tocris Bio-
science), the A2AR antagonist SCH 58261 (Tocris Bioscience), and the
NKA inhibitor ouabain octahydrate (Tocris Bioscience) were added to
synaptosomes and gliosomes to reach final concentrations of 100 nM, 50
nM, and 1 mM (or other when specified), respectively, at 30 min before the
[ 3H]D-aspartate uptake and the NKA activity assays, as previously de-
scribed (Matos et al., 2012a, b).

Coimmunoprecipitation. Coimmunoprecipitation was performed as
previously described (Ciruela et al., 2006). Briefly, total membranes from
the cortex or striatum were prepared as described above and washed in
PBS (140 mM NaCl, 3 mM KCl, 20 mM Na2HPO4, 1.5 mM KH2PO4, pH
7.4) before centrifugation at 14,000 � g for 10 min at 4°C. The pellets
were resuspended in the immunoprecipitation buffer (IPB; containing
20 mM Tris, pH 7.0, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, 50 mM NaF,
1 mM sodium orthovanadate, 1 �M okadaic acid, 0.1 mM PMSF, and
1:1000 protease inhibitor mixture) with 1% Triton X-100, sonicated for
30 s on ice and further spun down for 10 min to remove insoluble mate-
rials. A sample was collected for determining protein concentration us-
ing the BCA assay, another was stored at �20°C as input (positive
control), and the rest was processed for immunoprecipitation at a dilu-
tion of 0.5 mg/ml. Protein A Sepharose beads were incubated with the
sample for 1 h at 4°C under rotation to preabsorb any protein that non-
specifically bound to the protein A Sepharose beads. The supernatant was
recovered by centrifugation and 3 �g of anti-A2AR antibody (Millipore)
or irrelevant IgG (for negative control) were added and incubated for 3 h
at 4°C under rotation. To pool-down the immune complexes, the sam-
ples were incubated with protein A Sepharose beads for 2 h at 4°C and
centrifuged. The pellets were washed twice in IPB with 1% Triton X-100,
three times in IPB with 1% Triton X-100 and 500 mM NaCl, and twice in
IPB. The immunoprecipitates were resolved by SDS-PAGE buffer, and
Western blots were performed with anti-NKA-�2 isoform or anti-GLT-
I/EAAT2 antibodies (see Western blot).
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Western blot. Western blotting of gliosomal or synaptosomal extracts
was performed as previously described (Canas et al., 2009; Matos et al.,
2012a). Incubation with the primary antibodies, namely anti-A2AR (1:
200; Millipore), anti-GLT-I/EAAT2 (1:1000; Millipore), anti-NKA-�2
isoform (1:200; Millipore), and anti-�-actin (1:5000; Sigma-Aldrich), all
diluted in Tris-buffered saline (TBS; 137 mM NaCl, 20 mM Tris-HCl, pH
7.6) with 0.1% Tween and 3% BSA (fatty acid free), was performed
overnight at 4°C. After washing, the membranes were revealed using an
enhanced chemifluorescence kit (GE Healthcare) and visualized under a
fluorescence LAS-4000 digital imaging system (Fujifilm). The densio-
metric analysis of protein bands was performed using Quantity One
software version 4.4.1 (Bio-Rad).

Immunohistochemistry. Immunohistochemistry in brain slices was
performed as described previously (Canas et al., 2009). After a transcar-
diac perfusion, the brains were postfixed overnight in PBS with 4% para-
formaldehyde and cryopreserved in PBS containing 25% sucrose. The
frozen brains were sectioned (30 �m coronal slices) with a Leica
CM3050S cryostat (Leica Microsystems). The sections corresponding to
cortex and striatum were permeabilized, blocked, and incubated over-
night at room temperature in the presence of goat polyclonal anti-
NKA-�2 isoform antibody (1:500) and mouse monoclonal anti-GLT-I/
EAAT2 (1:1000) antibody. The sections were subsequently incubated
with donkey anti-mouse and anti-goat secondary antibody conjugated
with a fluorophore (Alexa Fluor 488 or Alexa Fluor 555, 1:200; Invitro-
gen) for 2 h at room temperature. After rinsing, the sections were
mounted on slides and allowed to dry. Vectashield mounting medium
with DAPI (Vector Laboratories) was applied as well as the cover glass.
All sections were examined under a fluorescence Nikon eclipse E600
microscope, with SPOT software 4.7 (Diagnostic Instruments).

In situ proximity ligation assay. The proximity ligation assay (PLA) was
performed as previously described (Söderberg et al., 2006; Augusto et al.,
2013) in brain sections from Gfa2-A2AR-KO and WT littermates pre-
pared as described for immunohistochemistry. The sections were rinsed
in TBS (0.1 M Tris, pH.7.4, and 0.9% w/v NaCl) and blocked with TBS
with 10% fetal bovine serum and 0.5% Triton X-100 for 2 h at room
temperature. Subsequently, the slices were incubated with goat poly-
clonal anti-NKA-�2 isoform antibody (1:500) and rabbit polyclonal
anti-A2AR antibody (1:500) overnight at room temperature. After wash-
ing in TBS with 0.2% Triton X-100, the slices were incubated for 2 h at
37°C with the PLA secondary probes anti-rabbit Plus and anti-goat Mi-
nus (1:5; Olink Bioscience) under gentle agitation. Afterward, the slices
were washed twice with Duolink II Wash Buffer A (Olink Bioscience) and
incubated with the ligation-ligase solution (Olink Bioscience) for 30 min
at 37°C. After a new rinse, the slices were incubated with DNA polymer-
ase (1:40; Olink Bioscience) in the amplification solution (Olink Biosci-
ence) for 100 min at 37°C. After several washes in consecutive decreasing
concentrations of SSC buffers (Olink Bioscience), the slices were
mounted on slides and allowed to dry. The coverslips were applied with
Duolink Mounting Medium (Olink Bioscience). Fluorescence images
were acquired on an Axiovert 200M inverted confocal microscope (Carl
Zeiss Microscopy) using a 40� numerical aperture objective. The images
were then analyzed and the PLA puncta signals quantified with ImageJ
software. A threshold was selected manually to discriminate PLA puncta
from background fluorescence. The built-in macro “Analyze Particles”
was then used to count all objects in the thresholded image. Objects
larger than 5 �m 2 were rejected, thereby effectively removing nuclei. The
remaining objects were counted as A2AR- NKA-�2 PLA-positive puncta.

Statistical data analysis. Data are expressed as absolute or arbitrary
values or percentages of values obtained in control conditions or condi-
tions mentioned in the figures legends, and are presented as means �
SEM. Parametric ANOVA was used to determine statistically significant
differences, with the indicated post hoc test. All data were analyzed using
Prism software (Version 5.0, GraphPad).

Results
Activation of A2ARs decreases NKA activity in gliosomes
Since A2ARs control the uptake of glutamate by the astrocytic
glutamate transporters GLT-I (Matos et al., 2012b) and the effi-
ciency of glutamate transporters depend on the sodium gradient

ensured by the activity of NKA (Benarroch, 2011), we tested the
impact of A2AR activation on the activity of NKA in astrocytes
and neurons. We first prepared gliosomes (astrocyte-enriched
plasmalemmal vesicles) and synaptosomes (enriched nerve ter-
minals) from the cerebral cortex of adult mice and challenged
them with the selective A2AR agonist CGS 21680 and/or the A2AR
antagonist SCH 58261 before determining NKA activity, assessed
as the ouabain-sensitive ATP hydrolysis (Fig. 1). Activation of
A2ARs in cortical gliosomes by CGS 21680 (at 100 nM, but not at
lower concentrations of 30 –50 nM) led to a 66.0 � 4.0% decrease
(n � 4, p � 0.01) of NKA activity in comparison with nontreated
gliosomes (Fig. 1A); this effect was prevented (n � 4, p � 0.05) by
the preadministration of SCH 58261 (50 nM; Fig. 1B). In contrast,
CGS 21680 (100 nM) induced a 93.0 � 13.0% increase (n � 4, p �
0.01) of the NKA activity in synaptosomes, which was prevented
by SCH 58261 (n � 4, p � 0.01; Fig. 1A,B). A similar trend was
observed in the striatum (Fig. 1C), another brain area where the
A2AR modulation of glutamate uptake in astrocytes has been doc-
umented (Pintor et al., 2004). Thus, in striatal gliosomes, CGS
26180 (100 nM) decreased NKA activity by 36.0 � 8.4% (n � 3,
p � 0.05), an effect prevented by SCH 58261 (50 nM; n � 3, p �
0.05); in contrast, 100 nM CGS 26180 tended to increase (57.0 �
27.0%, n � 3; p � 0.05) NKA activity in striatal synaptosomes
(Fig. 1C).

Comparison of the effect of A2ARs on Na �/K �-ATPase
activity and on D-aspartate uptake in gliosomes and
synaptosomes
To explore a possible link between NKA activity and glutamate
uptake, we began by comparing the impact of CGS 21680 and of
SCH 58261 on NKA activity and on [ 3H]D-aspartate uptake in
gliosomes and synaptosomes from either the cerebral cortex or of
the striatum. As shown in Figure 1D, CGS 21680 (50 –100 nM)
inhibited [ 3H]D-aspartate uptake both in cortical gliosomes
(79.2 � 3.2% at 100 nM, n � 4; p � 0.001) as well as in cortical
synaptosomes (26.4 � 7.2% at 100 nM, n � 4; p � 0.05). This CGS
21680-induced inhibition was prevented by SCH 58261 in both
cortical gliosomes (n � 4; p � 0.01) and cortical synaptosomes
(n � 4; p � 0.01; Fig. 1E). A similar profile of A2AR-mediated
inhibition of [ 3H]D-aspartate uptake was observed in gliosomes
from the striatum (Fig. 1F).

Overall, these results (Fig. 1) show a parallel effect of A2ARs con-
trolling NKA activity and the uptake of [3H]D-aspartate in glio-
somes, whereas there is a qualitative dissociation between the impact
of A2ARs on the activity of NKA and on glutamate uptake in synap-
tosomes, as would be expected since both NKA and glutamate trans-
porter isoforms are different in astrocytes and in neurons.

Low concentrations of Na �/K �-ATPase-inhibitor ouabain
blunt the A2AR-mediated inhibition of D-aspartate uptake in
astrocytes
To strengthen the link between NKA activity and glutamate up-
take in astrocytes, we next analyzed the concentration-dependent
effect of the NKA inhibitor ouabain both on NKA activity (Fig.
2A) and on [ 3H]D-aspartate uptake (Fig. 2B) in gliosomes from
the cerebral cortex of adult mice, where the uptake of [ 3H]D-
aspartate was nearly twice greater than in striatal gliosomes (Fig.
1, compare E, F) and where NKA and [ 3H]D-aspartate uptake
were similarly modulated by A2ARs (Fig. 1, compare A, D).
Ouabain caused a bimodal but parallel impact on the activities of
both NKA (Fig. 2A) and of glutamate transporters (Fig. 2B) in
cortical gliosomes. Thus, a low ouabain concentration (0.1 �M)
induced a 40.0 � 5.0% increase (n � 4, p � 0.05) of NKA activity
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compared with nontreated gliosomes, in agreement with previ-
ous reports (Lichtstein et al., 1985; Gao et al., 2002; Antolović,
2006) and a low/moderate concentration of ouabain (1 �M) had
no effect on NKA activity. Meanwhile, moderate/higher concen-
trations (10 –100 �M) inhibited NKA activity (n � 4, p � 0.05),
and a higher concentration (2 mM) of ouabain caused a 73.0 �
11.2% inhibition (n � 4, p � 0.01) of NKA activity (Fig. 2A). In
accordance with the key NKA-mediated control of GLT-I activ-

ity, a low ouabain concentration (0.1 �M) increased [ 3H]D-
aspartate uptake by 26.1 � 4.1% (n � 4, p � 0.05), a low/
moderate concentration (1 �M) had no effect on [ 3H]D-aspartate
uptake, a moderate/higher concentration (10 �M) inhibited (n �
4, p � 0.05) [ 3H]D-aspartate uptake, and a higher concentration
(2 mM) inhibited [ 3H]D-aspartate uptake by 75.0 � 9.0% (n � 4,
p � 0.001; Fig. 2B), as previously observed (Pellerin and Magis-
tretti, 1997; Rose et al., 2009).

Figure 1. Activation of A2ARs leads to a selective decrease of the activities of both NKA and glutamate transporters in gliosomes but not in synaptosomes from either the cerebral cortex or
striatum. Gliosomes and synaptosomes from brain cortex or striatum were incubated without or with the A2AR-selective agonist CGS 21680 (30 –100 nM) and/or antagonist SCH 58261 (50 nM). A,
The activation of A2ARs by CGS 21680 in cortical gliosomes (open symbols) reduces NKA activity, whereas it increases NKA activity in synaptosomes (closed symbols). B, C, These opposite effects of
CGS 21680 (100 nM) on NKA activity were prevented by SCH 58261 in cortical gliosomes and synaptosomes (B) and in striatal gliosomes (C). D, E, The activation of A2ARs with CGS 21680 (30 –100
nM) inhibited [ 3H]D-aspartate uptake both in cortical gliosomes and in synaptosomes (D) and SCH 58261 prevented this effect of CGS 21680 (100 nM; E). F, A2AR activation by CGS 21680 (100 nM) also
inhibited [ 3H]D-aspartate uptake in striatal gliosomes, whereas no significant effects were observed in striatal synaptosomes. NKA activity was determined by subtracting the total ATPase activity
from the ATPase activity in the presence of membrane ATPase inhibitor ouabain and was expressed as micromole Pi liberated from ATP by 1 �g of protein (�mol Pi/�g protein), whereas the specific
uptake of [ 3H]D-aspartate was calculated by subtracting the uptake activity from the uptake activity in the presence of Na �-free buffer NMG and was expressed as nanomoles of [ 3H]D-aspartate
retained per milligrams of gliosome protein per minute. Data are mean � SEM of at least three independent experiments done in triplicate. Statistical differences were gauged using the Tukey’s post
hoc test applied after one-way ANOVA with *p � 0.05 and **p � 0.01, when compared with nontreated conditions.
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We next analyzed how a low and high
concentration of ouabain affected the
A2AR-induced inhibition of the astrocytic
glutamate uptake. As depicted in Figure
2C, activation of A2ARs in cortical glio-
somes with 100 nM CGS 21680 decreased
[ 3H]D-aspartate uptake by 61.0 � 1.1%
(n � 5, p � 0.001), and this effect of CGS
21680 was blunted in the presence of ei-
ther a low (0.1 �M) or a high (1 mM) con-
centration of ouabain. In fact, in the
presence of 0.1 �M ouabain, the effect of
CGS 21680 on [ 3H]D-aspartate uptake
was the same as that occurring in the pres-
ence of 1 mM ouabain, and thus was no
longer significant (Fig. 2C). These data
show that the perturbation of NKA activ-
ity blunts the ability of A2ARs to control
glutamate uptake, which suggests that as-
trocytic A2ARs may require NKA activity
to rapidly modulate glutamate uptake.
However, because NKA activity provides
the driving force for glutamate uptake
(among several other transport systems)
in astrocytes, NKA activity may not be lin-
early related to GLT-I activity and, when
affected with ouabain, will always influence
the driving force of glutamate uptake and
thus will indirectly alter the effects of CGS
21680 on glutamate uptake. Thus, it is diffi-
cult for activity studies or pharmacological
studies to provide unequivocal evidence for
this A2AR–NKA–GLT-I relationship.

Na �/K �ATPase activity is increased
selectively in astrocytes from Gfa2-
A2AR-KO mice
To better understand the association be-
tween A2ARs and NKAs to control astro-
cytic glutamate uptake, we next used
Gfa2-A2AR-KO mice (Matos et al., 2012b)
to investigate how the selective deletion of
A2ARs in astrocytes affects NKA and
GLT-I activities in astrocytes and neu-
rons. As portrayed in Figure 3, gliosomes
collected from the cortex (Fig. 3A) or
striatum (Fig. 3B) of Gfa2-A2AR-KO mice
displayed a significantly higher NKA ac-
tivity than gliosomes collected from WT
littermates (58.1 � 9.0%, n � 4, p � 0.05
in the cortex; 33.1 � 6.0%, n � 4, p � 0.05
in the striatum). In contrast, NKA activity
was not significantly different in cortical
(n � 4, p � 0.94) or striatal (n � 4, p �
0.24) synaptosomes from Gfa2-A2AR-KO
or Gfa2-A2AR-WT mice. A similar analysis
of the activity of glutamate transporters re-
vealed that [3H]D-aspartate uptake was sig-
nificantly increased (62.0 � 7.2%, n � 4, p � 0.001) in cerebral
cortical gliosomes, but not in synaptosomes (n � 4, p � 0.05), from
Gfa2-A2AR-KO mice compared with WT littermates (Fig. 3C). Sim-
ilarly, [3H]D-aspartate uptake was also selectively increased (44.0 �
9.0%, n � 4, p � 0.01) in striatal gliosomes, but not in synaptosomes

(n � 4, p � 0.05), from Gfa2-A2AR-KO mice compared with WT
littermates (Fig. 3D). The observed parallel modification of NKA
and glutamate uptake activities selectively in gliosomes of Gfa2-
A2AR-KO mice is further suggestive of an astrocyte-selective cou-
pling between A2ARs and NKAs to control glutamate uptake.

Figure 2. The NKA-inhibitor ouabain has a parallel impact on the activities of NKA and of glutamate transport and blunt the
impact of A2ARs on [ 3H]D-aspartate uptake in cortical gliosomes. A, Concentration-dependent inhibition of NKA activity by ouabain
in cerebral cortical gliosomes from WT mice. Ouabain at 0.1 �M enhanced NKA activity, but at �10 �M inhibited NKA activity. NKA
activity was expressed as micromole Pi liberated from ATP by 1 �g of protein (�mol Pi/�g protein). B, Concentration-dependent
inhibition of [ 3H]D-aspartate uptake in cerebral cortical gliosomes from WT mice. Ouabain at 0.1 �M enhanced [ 3H]D-aspartate
uptake, but at �100 �M inhibited [ 3H]D-aspartate uptake. The specific uptake of [ 3H]D-aspartate was expressed as nanomoles of
[ 3H]D-aspartate retained per milligram of gliosome protein per minute. C, Acute (30 min) incubation of cerebral cortical gliosomes
with the A2AR-selective agonist CGS 21680 (100 nM) decreased [ 3H]D-aspartate uptake, an effect no longer observed upon pertur-
bation of the activity of NKA by preincubation with either a low (0.1 �M) or a high (1 mM) concentration of ouabain. Data are the
mean � SEM of five independent experiments done in triplicate. Statistical difference was assessed using a two-way ANOVA
analysis. *p � 0.05, **p � 0.01, ***p � 0.001, comparison with control-nontreated condition.
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GLT-I and NKA-�2 immunoreactivities are increased in
Gfa2-A2AR-KO mice
As a first step toward testing the hypothesis that A2ARs, NKA-�2s,
and glutamate transporters might be physically associated in astro-
cytes, we compared the density and distribution of GLT-Is and
NKA-�2s in the cerebral cortex and striatum from Gfa2-
A2AR-KO mice and WT littermates (Fig. 4). Western blot analysis
showed that the density of GLT-Is was significantly increased in
the cortex (138.1 � 4.4%; n � 6, p � 0.001) and striatum
(121.1 � 2.0%; n � 6, p � 0.01) of Gfa2-A2AR-KO compared
with Gfa2-A2AR-WT mice (Fig. 4A,E). Notably, the density of
NKA-�2s was also significantly increased in the cortex (156.0 �
9.0%; n � 6, p � 0.001) and striatum (124.0 � 7.0%; n � 6, p �
0.05) of Gfa2-A2AR-KO compared with WT mice (Fig. 4B,F).

Immunohistochemical analysis confirmed the Western blot
results, showing an increased immunoreactivity of both GLT-Is
and NKA-�2s in the frontal cortex (Fig. 4C,D) and dorsal stria-
tum (Fig. 4G,H) of Gfa2-A2AR-KO compared with Gfa2-
A2AR-WT mice (n � 6). These observations are in agreement
with the reported superimposable ultrastructural distribution of
the �2 subunit of NKA and GLT-I (Cholet et al., 2002; Rose et al.,
2009; Genda et al., 2011; Bauer et al., 2012) and further suggest
that astrocytic A2ARs are key modulators of this coupling.

A2ARs are physically associated with NKA-�2s
Previous coimmunoprecipitation studies revealed a closed asso-
ciation between GLT-I and NKA-�2 (Rose et al., 2009; Genda et
al., 2011; Bauer et al., 2012), forming a protein complex at the
plasma membrane of astrocytes to ensure the maintenance of the
electrochemical Na� gradient required for glutamate uptake
during neuronal activity. Since we have also shown a close asso-

ciation between A2ARs and glutamate
transporters (Matos et al., 2012b), we next
sought to test whether A2ARs and NKA-
�2s might also copurify in the cerebral
cortex or striatum. The pull-down of
A2ARs from cortical and striatal homoge-
nates was followed by a Western blot anal-
ysis of the A2AR-immunoprecipate with
the anti-NKA-�2 antibody (Fig. 5, IP) or
with an anti-IgG antibody as a negative
control (Fig. 5, CTR�), while confirming
the presence of NKA-�2 in the input sam-
ple in nonimmunoprecipitated mem-
branes (Fig. 5, CTR�) and the presence of
A2ARs in the input and pull-down samples
(Fig. 5, upper lanes, WB). As depicted in
Figure 5, we observed a close association
between NKA-�2s and A2ARs in the brain
extracts from Gfa2-A2AR-WT mice (n �
3; Fig. 5A,B, lower lanes, IP), which was
highly decreased in both cortical (Fig. 5A)
or striatal extracts (Fig. 5B) from Gfa2-
A2AR-KO mice (n � 3), in comparison
with the WT littermates. These data pro-
vide strong evidence of a close association
between A2ARs and NKA-�2s in astro-
cytes, which is absent in Gfa2-A2AR-KO
mice.

Next, using an in situ PLA, we at-
tempted to confirm the existence of A2AR
and NKA-�2 complexes in cortical and
striatal brain slices of Gfa2-A2AR-KO or

Gfa2-A2AR-WT littermates (Söderberg et al., 2006; Augusto et al.,
2013). PLA is an antibody-based method in which the A2AR and
NKA-�2 proteins were first immunolabeled with primary anti-
bodies and then with secondary antibodies conjugated to com-
plementary oligonucleotides, which can only ligate and be
amplified if the A2AR and NKA-�2 antibody molecules are in
close proximity (�16 nm) to be identified as fluorescent A2AR-
NKA-�2 puncta (Söderberg et al., 2006). Figure 5C illustrates the
existence of A2AR-NKA-�2-positive signals in both the cerebral
cortex and striatum with a higher A2AR-NKA-�2 cross-linking
signal in the cortex than in the striatum (35.0 � 10.0% of cortical-
positive signals, n � 3), possibly reflecting the different density of
astrocytes in the two brain areas (Kálmán and Hajós, 1989; Taft et
al., 2005) or an eventual different density of A2ARs in astrocytes in
these two brain regions. The specific association between A2ARs
and NKA-�2s in astrocytes is further consolidated by the sharp
and significant decrease of the A2AR-NKA-�2-positive signals in
the cortex (93.0 � 3.0%, n � 3, p � 0.001) and in the striatum
(82.3 � 27.0% decrease, n � 3, p � 0.01) of Gfa2-A2AR-KO mice
compared with WT littermates (Fig. 5C,D).

Discussion
The present results provide the first direct evidence of the colo-
calization and functional interaction between A2ARs and Na�/
K�-ATPases (NKA-�2s) specifically in astrocytes in the mouse
adult brain. This physical association and control of NKA activity
by A2ARs provides a novel mechanism by which A2ARs regulate
astrocytic glutamate uptake. This was concluded based on a com-
bination of parallel neurochemical assays of NKA activity and
[ 3H]D-aspartate uptake, coupled to pharmacological manipula-
tions of A2AR and NKA activity and further confirmed by coim-

Figure 3. NKA activity and glutamate uptake are increased in parallel selectively in gliosomes from the cortex or striatum of
Gfa2-A2AR-KO mice. A–D, Gliosomes and synaptosomes from Gfa2-A2AR-KO mice and from corresponding WT littermates were
prepared before the NKA activity (A, B) and the [ 3H]D-aspartate uptake (C, D) assays. The increased NKA activity was restricted to
gliosomes from GFAP-A2AR-KO mice (black columns), particularly in the cortex (A) but also in the striatum (B), compared with WT
mice (white columns). [ 3H]D-aspartate uptake was also selectively increased in gliosomes from the cortex (C) and striatum (D).
Data are mean � SEM of at least four independent experiments. Statistical differences were gauged using the Tukey’s post hoc test
applied after one-way ANOVA with *p � 0.05, **p � 0.01, and ***p � 0.001.

Matos et al. • A2A Receptor Controls Na�/K�-ATPase J. Neurosci., November 20, 2013 • 33(47):18492–18502 • 18497



Figure 4. GLT-I and NKA-�2 immunoreactivities are increased in Gfa2-A2AR-KO mice. A, B, E, F, Western blot analysis of total membranes showed that the density of GLT-I (A, E) and of NKA-�2
(B, F ) was significantly increased in the cortex (A, B) and striatum (E, F ) of Gfa2-A2AR-KO versus Gfa2-A2AR-WT mice. The bars represent the relative immunoreactivity obtained with each primary
antibody normalized with anti-� actin (reference) immunoreactivity and were expressed as percentage of WT littermates. C, D, G, H, The immunohistochemical data show the immunoreactivity of
GLT-I and NKA-�2 in the cortex (A–D) and in the striatum (E–H ) of Gfa2-A2AR-KO (D, H ) and Gfa2-A2AR-WT (C, G) littermates with corresponding higher amplifications displayed in the upper right
corner of each image. Data are mean�SEM of at least six independent experiments. Statistical differences were gauged using the Tukey’s post hoc test applied after one-way ANOVA with *p�0.05,
**p � 0.01 and ***p � 0.001, comparison with naive WT littermates. Scale bars: C, D, G, H, 25 �m; inset, 5 �m.
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munoprecipitation and PLA assays, all validated though the
comparative study of Gfa2-A2AR-KO and WT mice.

The key role of NKA controlling astrocytic glutamate trans-
port is well established, as heralded by the ability of the NKA
inhibitor ouabain to impair glutamate uptake (Pellerin and Mag-
istretti, 1997; Cholet et al., 2002; Rose et al., 2009; Nguyen et al.,
2010). Notably, this involves a physical association among NKA-

�2, GLT-I, and GLAST, as evidenced by
their colocalization, copurification, and
coimmunoprecipitation (Cholet et al.,
2002; Rose et al., 2009; Genda et al., 2011;
Bauer et al., 2012) and by the reversed
ability of glutamate transporters to mod-
ulate NKA activity (Gegelashvili et al.,
2007). In parallel, we had previously doc-
umented the colocalization and func-
tional interaction between A2AR and
GLT-I in astrocytes (Matos et al., 2012a,
b). The present demonstration that A2ARs
physically associate with NKA-�2s sug-
gests the existence of a macromolecular
complex encompassing A2ARs, NKA-�2s,
and GLT-Is in astrocytic membranes, in
accordance with the role of NKAs as a
docking station of molecular signaling
hubs (Reinhard et al., 2013) and the ver-
satility of A2ARs to interact with different
neurotransmitters receptors, enzymes,
and anchoring proteins (Burgueño et al.,
2003; Ferré et al., 2007; Zezula and Freiss-
muth, 2008; Navarro et al., 2009). This
ability of A2ARs to control NKA-�2s pro-
vides a novel mechanism to understand
how the acute A2AR activation decreases
glutamate uptake by astrocytes; thus,
A2AR activation not only triggers a cAMP-
PKA-dependent pathway to decrease the
expression of astrocytic glutamate trans-
porters, but also triggers a rapid inhibition
of astrocytic glutamate transport (Matos
et al., 2012b). Albeit the modification of
glutamate uptake in astrocytes upon se-
lective A2AR elimination from astrocytes
may result from a short-term and/or long-
term regulation (Matos et al., 2012b), the
observed parallel modification of NKA
and glutamate uptake activities selectively
in gliosomes of Gfa2-A2AR-KO mice
further suggests an astrocyte-selective
coupling between A2ARs and NKAs to
regulate glutamate uptake. The molecular
mechanism operated by A2ARs to control
NKAs may involve a direct conforma-
tional control of NKAs (Arystarkhova and
Sweadner, 2005) as a result of the ob-
served physical association between
A2ARs and NKA-�2s, which would allow
understanding the opposite impact of
A2ARs on astrocytic NKA-�2 activity (in-
hibition) and neuronal NKA-�3 activity
(stimulation). Whereas in astrocytes
A2ARs selectively couple with NKA-�2s to
control glutamate uptake mainly oper-

ated through GLT-Is, neither of these A2AR targets are present in
neurons (Benarroch, 2010, 2011) and the mechanism by which
A2ARs control neuronal (putatively) NKA-�3 activity is still unre-
solved, although it seems unrelated to the control of glutamate clear-
ance since, in contrast to gliosomes, neuronal A2ARs modulate in an
opposite manner NKA (facilitation) and glutamate uptake (inhibi-
tion). This is in agreement with the predominant role of astrocytes

Figure 5. A2ARs are physically associated with NKA-�2s and this coupling is abrogated in Gfa2-A2AR-KO mice. A, B, Immuno-
precipitation of A2ARs from cerebral cortical (A) or striatal (B) total membranes from Gfa2-A2AR-KO mice and Gfa2-A2AR-WT
littermates with anti-A2AR antibody (IP) or lack of A2AR pull-down with IgG (CTR�), followed by Western blot analysis with
anti-NKA-�2 antibody, revealed an association between NKA-�2s and A2ARs in the WT immunoprecipitate (IP), which was absent
in Gfa2-A2AR-KO mice. The presence of NKA-�2s in the input sample was confirmed in noncoimmunoprecipitated membranes
(CTR�) in the lower (IP) lanes. The presence of A2ARs was confirmed by Western blot analysis in the upper lanes (WB). C, D, A PLA
assay further corroborated the close proximity (�16 nm) between astrocyte A2ARs and NKA-�2s in the cortex and striatum from
Gfa2-A2AR-WT mice, which was blunted in Gfa2-A2AR-KO mice. D, Representative confocal images of the PLA assay showing
distinct bright red spots in the cortex and striatum from WT mice, corresponding to the amplification products between DNA probes
linked to the anti-A2AR and anti-NKA-�2 antibodies. C, D, Data are mean � SEM of at least three independent experiments.
Statistical differences were gauged using the Tukey’s post hoc test applied after one-way ANOVA with **p � 0.01 and ***p �
0.001. Scale bars: 10 �m.
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rather than neurons to remove extracellular glutamate (Danbolt,
2001; Sattler and Rothstein, 2006).

The selective interaction and colocalization of NKA-�2s with
A2ARs to mediate the fast control of glutamate uptake provides
new insights to understand important neurobiological processes,
including synaptic plasticity, cognition, and neurodegeneration,
that are influenced by the abnormal functioning of either gluta-
mate transporters (Dunlop, 2006; Benarroch, 2010) or NKA-�2s
(De Fusco et al., 2003; Moseley et al., 2007; Benarroch, 2011) and
which are controlled by A2ARs (Chen et al., 2007; Gomes et al.,
2011). Thus, modification of glutamate uptake biases synaptic
plasticity and affects cognition (Huang and Bergles, 2004;
Tzingounis and Wadiche, 2007; Bechtholt-Gompf et al., 2010);
similarly, NKA-�2 gene mutations have been associated with im-
paired spatial learning, epilepsy, and anxiety (Lingrel et al., 2007;
Moseley et al., 2007; Benarroch, 2011). Our finding of the direct
interaction between A2ARs and NKA-�2s controlling GLT-I ac-
tivity provides the tentative explanation that the A2AR-mediated
control of synaptic plasticity (Costenla et al., 2011), working
memory (Zhou et al., 2009; Wei et al., 2011), and memory im-
pairment in animal models of Alzheimer’s disease (Canas et al.,
2009; Cunha and Agostinho, 2010) may involve an A2AR-
mediated control of glutamate uptake by astrocytes (Matos et al.,
2012a). This corresponds to a shift from neurons to astrocytes as
the main cellular site of action of A2ARs to control different brain
pathologies. In fact, the predominant localization of A2ARs in
medium spiny neurons (Schiffmann et al., 2007) and in synapses
throughout the brain (Rebola et al., 2005) has prompted re-
searchers to point to neuronal-based mechanisms as responsible
for A2AR-mediated neuroprotection (Chen et al., 2007; Gomes et
al., 2011), whereas the role of A2ARs in astrocytes (Boison et al.,
2010) has received less attention. The presently reported ability of
A2ARs to control astrocytic NKA activity implies a tight regula-
tion by A2ARs of ionic homeostasis (see below) in astrocytes
(Türközkan et al., 1996; Leite et al., 2011) indirectly controlling
glutamatergic neurotransmission, which may provide the expla-
nation for the broad spectrum of neuroprotection of A2AR antag-
onists in diverse brain regions against a variety of brain insults
(Chen et al., 2007; Gomes et al., 2011). The observed quantitative
differences between A2AR/NKA-�2/glutamate transporters in the
striatum and cortex suggest a qualitatively general control of
NKA-�2s and GLT-Is by A2ARs, but also indicates quantitative
differences between different brain regions, probably related to
different expression of astrocytic A2ARs and/or the different
astrocyte-neuron interplay in controlling the extracellular gluta-
mate levels in different brain regions.

It is worth noting that, while A2ARs similarly affected both
NKA and GLT-I activities in astrocytes, A2AR agonists affected
those activities differently, with a slight variance in potency. This
may result either from an ability of A2ARs to allosterically control
the NKA-�2–GLT-I complex in a manner independent of NKA
activity or to the fact that the impact of A2AR-mediated control of
NKA activity in astrocytes may actually override the importance
of the control of glutamate uptake so that minor changes of
NKA-�2 activity have a disproportional impact on GLT-I activ-
ity. NKA-�2 has a prime role in maintaining Na� and K� gradi-
ents, which provide the driving force for multiple cellular
functions, such as regulation of cell volume, pH, energization of
the resting membrane potential, and Na�-coupled secondary
transport of H�, Ca 2�, and glucose across the astrocytic plasma
membrane (Aperia, 2007; Kirischuk et al., 2012). Thus the regu-
lation of astrocytic NKA-�2s by A2ARs suggests a potential ability
of A2ARs to affect each of these astrocytic processes and thus

influence a variety of neurobiological processes. For instance,
NKA-�2 activity controls the extracellular K� homeostasis to
regulate neuronal depolarization, synaptic fidelity, and the
signal-to-noise ratio of synaptic transmission (Wang et al., 2012),
which may well underlie the ability of A2ARs to control synaptic
plasticity and the salience of information encoding in neuronal
networks (Cunha, 2008). Also, the control of extracellular K�

and pH by astrocytic NKA-�2 (Obara et al., 2008; Benarroch,
2011) may provide novel mechanistic insights for the ability of
A2ARs to control abnormal excitability characteristic of animal
models of epilepsy (El Yacoubi et al., 2008). Additionally, the
control by A2ARs of astrocytic ion homeostasis may also be in-
volved in the control of glucose and lactate metabolism, in accor-
dance with the impact of caffeine (an adenosine receptor
antagonist) and A2ARs on brain metabolism (Hammer et al.,
2001; Duarte et al., 2009).

Notably, our novel key observation that A2ARs physically as-
sociate with and inhibit NKA-�2 also prompts a novel mecha-
nism to link metabolic control with ion homeostasis in
astrocytes. Thus, NKA activity is the chief controller of ion ho-
meostasis at the cost of considerable energetic support. As NKA
activity consumes ATP, it generates adenosine, and this local
metabolic imbalance then feeds back to curtail excessive activity
of NKA-�2 and control ion homeostasis through the activation
of astrocytic A2ARs. Thus, this novel observation that A2ARs reg-
ulate NKA-�2 activity points to the hitherto unrecognized possi-
bility that the impact of A2ARs and of caffeine consumption on
brain dysfunction may involve a primary target on astrocytic ion
homeostasis that indirectly affects synaptic function and viability.
Interestingly, we observed an opposite A2AR modulation of NKA
activity in gliosomes and synaptosomes, which suggests a com-
plex and potential “fine-tuning” modulation of NKA activity in
astrocytes and neurons to affect cognition, mood, and neurode-
generation processes. However, future work is required to under-
stand what might be the physiopathological impact of the A2AR-
mediated control of NKA activity in neurons.

In conclusion, we provide molecular and functional evidence
showing the physical association of A2ARs and NKA-�2s and the
ability of A2ARs to decrease NKA-�2 activity. This was shown to
constitute the mechanism by which the acute manipulation of
A2ARs controls the transport of glutamate by astrocytes as an
example of the possible importance of this novel A2AR–NKA-�2
molecular hub to understand the neuroprotective impact of caf-
feine and A2AR antagonists on diverse neurological conditions.
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Ferré S, Ciruela F, Quiroz C, Luján R, Popoli P, Cunha RA, Agnati LF, Fuxe K,
Woods AS, Lluis C, Franco R (2007) Adenosine receptor heteromers
and their integrative role in striatal function. ScientificWorldJournal
7:74 – 85. CrossRef Medline

Fredholm BB, Chen JF, Cunha RA, Svenningsson P, Vaugeois JM (2005)
Adenosine and brain function. Int Rev Neurobiol 63:191–270. CrossRef
Medline

Gao J, Wymore RS, Wang Y, Gaudette GR, Krukenkamp IB, Cohen IS, Ma-
thias RT (2002) Isoform-specific stimulation of cardiac Na/K pumps by
nanomolar concentrations of glycosides. J Gen Physiol 119:297–312.
CrossRef Medline

Gegelashvili M, Rodriguez-Kern A, Sung L, Shimamoto K, Gegelashvili G
(2007) Glutamate transporter GLAST/EAAT1 directs cell surface expres-
sion of FXYD2/gamma subunit of Na, K-ATPase in human fetal astro-
cytes. Neurochem Int 50:916 –920. CrossRef Medline

Genda EN, Jackson JG, Sheldon AL, Locke SF, Greco TM, O’Donnell JC,
Spruce LA, Xiao R, Guo W, Putt M, Seeholzer S, Ischiropoulos H, Rob-
inson MB (2011) Co-compartmentalization of the astroglial glutamate
transporter, GLT-I, with glycolytic enzymes and mitochondria. J Neuro-
sci 31:18275–18288. CrossRef Medline

Gomes CV, Kaster MP, Tomé AR, Agostinho PM, Cunha RA (2011) Aden-
osine receptors and brain diseases: neuroprotection and neurodegenera-
tion. Biochim Biophys Acta 1808:1380 –1399. CrossRef Medline

Hammer J, Qu H, Håberg A, Sonnewald U (2001) In vivo effects of adeno-
sine A2 receptor agonist and antagonist on neuronal and astrocytic inter-
mediary metabolism studied with ex vivo 13C MR spectroscopy.
J Neurochem 79:885– 892. Medline

Huang YH, Bergles DE (2004) Glutamate transporters bring competition to
the synapse. Curr Opin Neurobiol 14:346 –352. CrossRef Medline
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