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Hypoxia Suppresses Glutamate Transport in Astrocytes
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Glutamate uptake by astrocytes is fundamentally important in the regulation of CNS function. Disruption of uptake can lead to excito-
toxicity and is implicated in various neurodegenerative processes as well as a consequence of hypoxic/ischemic events. Here, we inves-
tigate the effect of hypoxia on activity and expression of the key glutamate transporters excitatory amino acid transporter 1 (EAAT1)
[GLAST (glutamate-aspartate transporter)] and EAAT2 [GLT-1 (glutamate transporter 1)]. Electrogenic, Na �-dependent glutamate
uptake was monitored via whole-cell patch-clamp recordings from cortical astrocytes. Under hypoxic conditions (2.5 and 1% O2 exposure
for 24 h), glutamate uptake was significantly reduced, and pharmacological separation of uptake transporter subtypes suggested that the
EAAT2 subtype was preferentially reduced relative to the EAAT1. This suppression was confirmed at the level of EAAT protein expression
(via Western blots) and mRNA levels (via real-time PCR). These effects of hypoxia to inhibit glutamate uptake current and EAAT protein
levels were not replicated by desferrioxamine, cobalt, FG0041, or FG4496, agents known to mimic effects of hypoxia mediated via the
transcriptional regulator, hypoxia-inducible factor (HIF). Furthermore, the effects of hypoxia were not prevented by topotecan, which
prevents HIF accumulation. In stark contrast, inhibition of nuclear factor-�B (NF-�B) with SN50 fully prevented the effects of hypoxia on
glutamate uptake and EAAT expression. Our results indicate that prolonged hypoxia can suppress glutamate uptake in astrocytes and
that this effect requires activation of NF-�B but not of HIF. Suppression of glutamate uptake via this mechanism may be an important
contributory factor in hypoxic/ischemic triggered glutamate excitotoxicity.
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Introduction
Evidence emerging within the last decade has shown that astro-
cytes serve multiple, previously unrecognized roles within the
CNS to ensure neuronal activity is optimized. Such activities in-
clude regulation of local blood flow (Zonta et al., 2003), synaptic
activity (Araque et al., 2001; Volterra and Steinhauser, 2004), and
glutamate release (Bezzi et al., 2004; Chen et al., 2005). However,
the most fundamental and best described role is the uptake of
glutamate to prevent tonic activation of synaptic receptors and
aid in the prevention of excitotoxicity (Bergles and Jahr, 1997;
Anderson and Swanson, 2000; Carmignoto, 2000; Fellin et al.,
2006). To date, five distinct high-affinity, Na�-dependent gluta-
mate transporters have been identified to serve this purpose: ex-
citatory amino acid transporter 1 (EAAT1) [GLAST (glutamate-
aspartate transporter)] and EAAT2 [glutamate transporter 1
(GLT-1)], which are predominantly expressed in astrocytes,
along with EAAT3 [EAAC1 (excitatory amino acid carrier 1)],
EAAT4, and EAAT5, which are expressed in neurones (for re-
view, see Sims and Robinson, 1999). Of the astrocyte glutamate
transporters, EAAT1 predominates in the cerebellum and EAAT2
in the cerebral cortex and hippocampus (Lehre et al., 1995; Lehre
and Danbolt, 1998), and splice variants of these subtypes add to

the complexity of this family of transporters (Danbolt, 2001;
Schmitt et al., 2002; Rozyczka and Engele, 2005).

Disruption of electrogenic glutamate uptake has been impli-
cated in several neurodegenerative diseases (Harris et al., 1996;
Springer et al., 1997; Lin et al., 1998; Rossi et al., 2000). For
example, amyotrophic lateral sclerosis has been linked to reduced
levels of the GLT protein (Milton et al., 1997; Maragakis and
Rothstein, 2004), although this is not uncontested (Fray et al.,
1998). EAAT2 protein levels are reduced in the brain in various
models of central ischemia and/or trauma (Torp et al., 1995;
Martin et al., 1997; Rao et al., 1998; Raghavendra et al., 2000;
Rebel et al., 2005). In contrast, the expression of EAAT1 and
EAAT3 has been reported as either decreased (Martin et al., 1997;
Fujita et al., 1999) or increased (Yan et al., 1998; Gottlieb et al.,
2000; Tao et al., 2001). That these results are not consistent is
possibly attributable to the variety of animal models used, cou-
pled with the fact that glutamate transporter proteins are regu-
lated at various levels (e.g., DNA transcription, mRNA splicing)
(Gegelashvili and Schousboe, 1998).

Hypoxia and/or ischemia can induce the release of several
neurotransmitters (Nilsson and Lutz, 1991; Richter et al., 1997),
including glutamate (Nicholls and Attwell, 1990). Such increased
levels of glutamate, and the subsequent activation of ionotropic
NMDA receptors, are primarily responsible for neuronal damage
that occurs as a consequence of ischemic or hypoxic episodes
(Simon et al., 1984; Rothman and Olney, 1986; Sattler et al.,
2000). Glutamate homeostasis is therefore pivotal to prevent
neuronal death after hypoxic/ischemic episodes. However, to
date, the effects of hypoxia/ischemia on glutamate transporters
have not been studied in detail. Here, we investigate the effects of
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chronic hypoxia on glutamate uptake and suggest that glutamate
transporter expression is directly downregulated by hypoxia.

Materials and Methods
Cell culture. To obtain primary cultures of astrocytes, cerebral cortices
were removed from 6- to 8-d-old Wistar rats and placed in ice-cold PBS
containing the following: 10 mM NaH2PO4, 2.7 mM KCl, 137 mM NaCl,
14 mM glucose, 1.5 mM MgSO4, and 3 mg/ml bovine serum albumin.
Meninges were removed and cortices were minced with a mechanical
tissue chopper (McIlwain; Vibratome Company, St. Louis, MO) and
dispersed into the same buffer containing 0.25 �g/ml trypsin, at 37°C for
15 min. Trypsin digestion was halted by the addition of an equal volume
of buffer supplemented with 16 �g/ml soy bean trypsin inhibitor (type
I-S; Sigma, Poole, Dorset, UK), 0.5 �g/ml DNase I (EC 3.1.21.1 type II
from bovine pancreas; 125 kU/ml; Sigma, St. Louis, MO) and 1.5 mM

MgSO4. The digested tissue was then pelleted by centrifugation at 1300
rpm (1000 � g) for 1 min, and the supernatant was poured off before
resuspending the cell pellet in 2 ml of buffer solution containing 100
�g/ml soy bean trypsin inhibitor, 0.5 �g/ml DNase I, and 1.5 mM MgSO4.
Tissue was subsequently triturated gently three times with a fire-polished
Pasteur pipette. After allowing larger pieces of tissue to settle for 5 min,
the cloudy cell suspension was pipetted off into media. The culture me-
dium consisted of Eagle’s minimal essential medium supplemented with
10% fetal calf serum (v/v) and 1% (v/v) penicillin-streptomycin (Invitro-
gen, Paisley, UK). The cell suspension was then aliquoted into 75 cm 2

flasks and also onto glass coverslips in six-well tissue culture plates. Cells
were then kept in a humidified incubator at 37°C (95% air; 5% CO2).
Only primary cell cultures were used. Four to 6 h after plating, cells were
washed with fresh media to remove nonadhered cells. This resulted in a
culture of primarily type I cortical astrocytes as confirmed by glial fibril-
lary acidic protein immunohistochemistry (data not shown). Culture
medium was exchanged every 7 d and cells were grown in culture for up
to 14 d. All recordings were made from cells between days 7–14. In some
cases, cells were exposed to various degrees of chronic hypoxia; they were
subcultured in an identical way to control cells but, 24 h before experi-
mentation, were transferred to a humidified incubator equilibrated with
2.5% O2, 5% CO2, and 2.5% N2, or 1% O2, 5% CO2, and 2.5% N2. Please
note these levels of hypoxia reflect cellular O2 levels and should not be
confused with levels of hypoxia reported as inspired in whole-organism
studies. Corresponding control cells were maintained in a 95% air, 5%
CO2 incubator for the same period.

Electrophysiology. Fragments of coverslip with attached cells were
transferred to a continuously perfused (3–5 ml/min) recording chamber
mounted on the stage of an Olympus (Tokyo, Japan) CK40 inverted
microscope. Whole-cell patch-clamp recordings were then obtained, and
astrocytes were voltage-clamped at �70 mV. The standard perfusate, pH
7.4, was composed of the following (in mM): 150 NaCl, 5 KCl, 2 MgCl2,
10 HEPES, 2 CaCl2, and 10 D-glucose. To evoke excitatory amino acid
induced currents, D-glutamate and L-aspartate (both from Sigma) were
added at the given concentrations to the perfusate. To investigate the
Na � dependence of the currents recorded, Na � in the extracellular so-
lution was replaced with choline (150 mM). Patch pipettes had resistances
of 5– 6 M�, and tight seals were obtained before breaking into the whole-
cell configuration. Series resistance was periodically monitored through-
out the duration of experiments, and if a significant increase occurred
(�20%), the experiment was terminated. The intracellular solution, pH
7.25, consisted of the following (in mM): 140 KA (in which A is SCN �,
NO3

�, or CH3O3S �), 5 EGTA, 1 MgCl2, 0.5 CaCl2, 10 HEPES, 3
MgATP, and 0.3 NaGTP. Signals were acquired using a Multiclamp 700A
amplifer (Molecular Devices, Foster City, CA) controlled by Clampex 9.0
software via a Digidata 1322A interface (Molecular Devices). 6-Nitro-7-
sulfamoylbenzo(f)quinoxaline-2,3-dione (NBQX), AP-5, ( R, S)-�-
methyl-4-carboxyphenylglycine (MCPG), L-threo-�-benzyloxy-
aspartate (L-TBOA), and dihydrokainic acid (DHK) (all from Tocris,
Bristol, UK) were prepared as stock solutions and frozen. They were
diluted to the given concentration in the extracellular solution and ap-
plied to the bathing medium. For the nuclear factor-�B (NF-�B) exper-
iments, SN50, SN50M (Calbiochem, La Jolla, CA), and caffeic acid phen-
ethyl ester (CAPE) (Biomol, Plymouth Meeting, PA) were made as stocks

and added to the culture media to give a final concentration as stated.
Off-line analysis was performed using the data analysis package Clampfit
9 (Molecular Devices), and data are expressed as mean � SEM. Values of
p are from two-tailed Student’s t test, where p � 0.05 was considered
significant.

Western blotting. For Western blotting, astrocytes were grown to con-
fluence as detailed above in 75 cm 2 flasks, washed free of media in ice-
cold PBS, and then lysed in 800 �l of M-PER mammalian protein extrac-
tion reagent (Perbio Science, Tattenhall, Cheshire, UK) containing
Complete Mini protease inhibitors (Roche Diagnostics, Lewes, East Sus-
sex, UK). Protein levels of the cell lysates were then determined using a
BCA assay kit according to the manufacturer’s instructions (Pierce,
Rockford, IL). A total of 25 �l of sample buffer [125 mM Tris-HCl, pH
6.8, 2% (w/v) SDS, 20% (w/v) glycerol, 20 �g/�l bromophenol blue, and
10% �-mercaptoethanol] was then added to 50 �l of each cell lysate.
Samples (10 –20 �g of protein) were then loaded onto 12.5%, 0.75-mm-
thick polyacrylamide-SDS gels and separated at 36 mA for 1 h before
being transferred onto polyvinyl difluoride membranes (30 V overnight).
Membranes were blocked with 5% nonfat milk protein in PBS-Tween
(0.05%) for 1 h and immunostained with antibodies raised against the C
termini of rat EAAT1 (Abcam, Cambridge, UK; raised in rabbit against a
16 aa sequence), EAAT2 (Abcam; raised in rabbit against a 20 aa se-
quence), and EAAT3 (Alpha Diagnostic, San Antonio, TX; raised in rab-
bit against a 14 aa sequence). All antibodies were used at 1:1000 dilution
for 3 h. Blots were then washed and incubated with anti-rabbit Ig conju-
gated to horseradish peroxidase (1:2000; Amersham Biosciences, Little
Chalfont, Bucks, UK), and bands were visualized using the enhanced
chemiluminescence (ECL) detection system and hyperfilm ECL (Amer-
sham Biosciences). Band intensities were measured using the Scion Im-
age analysis software. Full-length immunoblots for EAAT1 and EAAT2
can be viewed in the supplemental figure (available at www.jneurosci.org
as supplemental material).

Real-time PCR. Total RNA was extracted from cells using an Aurum
RNA isolation kit (Bio-Rad, Hertfordshire, UK), according to the man-
ufacturer’s instructions. One microliter of total RNA was reverse tran-
scribed using an iScript cDNA synthesis kit and random primers (Bio-
Rad). Real-time PCR was performed using the ABI 7500 sequence
detection system (Applied Biosystems, Foster City, CA) and gene-
specific primers and TaqMan probes. Probes to EAAT1 (Rn00570130;
Applied Biosystems), EAAT2 (Rn00568080; Applied Biosystems), and
�-actin (Rn006967869; Applied Biosystems; for an endogenous control)
were used. Reactions for each cDNA were performed in duplicate and
were set up in a reaction volume of 20 �l containing TaqMan Universal
PCR Master Mix (Applied Biosystems). The PCR program consisted of
50 cycles, each cycle consisting of a denaturation step at 95°C for 15 s
followed by 60°C for 1 min to allow extension and amplification of the
target sequence. At this point, fluorescence was measured. Experiments
were repeated with the cDNA from three different brains, using a mini-
mum of three flasks for each animal. Data were analyzed using the ABI
7500 sequence detection system software. The amount of EAAT1 and
EAAT2 mRNA in normoxic and hypoxic conditions were normalized to
�-actin and determined relative to a normoxic calibrator using the ��CT

method.
Immunocytochemistry. Astrocytes were rinsed three times with PBS

and then fixed with 4% paraformaldehyde in 0.1 M phosphate buffer for
20 min. They were then washed three times in PBS before incubation in
primary antibodies raised in mouse against the C termini of EAAT1, -2,
or -3 (Novocastra, Newcastle, UK; 1:20 in PBS and 0.1% Triton X-100)
for 1 h at room temperature (21–24°C). The coverslips were then washed
in PBS, incubated with a biotinylated anti-mouse antibody (1:250 in PBS;
Jackson ImmunoResearch, West Grove, PA) for 2 h, washed in PBS, and
then incubated in streptavidin ALEXA 555 (1:1000 in PBS; Invitrogen) for
1 h. The coverslips were mounted onto glass slides using Vectashieid
mounting medium (Vector Laboratories, Burlingame, CA), and the
edges were sealed with nail varnish. Slides were viewed under a Zeiss
(Oberkochen, Germany) Axioskop microscope equipped with epifluo-
rescence, and images were captured using an Aquis digital imaging sys-
tem (Synoptics, Cambridge, UK). Images were taken for each condition
using the same brightness, gamma, and contrast settings.
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For the NF-�B studies, incubation with was overnight at 4°C using
primary antibody raised in rabbit against p65 subunit (Santa Cruz Bio-
technologies, Santa Cruz, CA; 1:200). Coverslips were then washed three
times in PBS and incubated for 1 h at room temperature with anti-rabbit
secondary antibody conjugated to Alexa Fluor 488 (1:1000 in PBS). Slides
were then mounted on glass slides using Vectashield mounting medium
containing 4	,6	-diamidino-2-phenylindole (DAPI) (Vector Laborato-
ries), and the edges were sealed with nail varnish. Cells were examined on
a Zeiss laser-scanning confocal microscope (LSM 510). Fluaphores were
excited by sequential scanning with argon and UV lasers, and the com-
posite images were produced using Zeiss AIM software.

Statistical analyses. Results are expressed as the mean � SEM of n
experiments. Where there were several experimental groups, significance
was determined by one-way ANOVA followed by Dunnett’s test. Where
two groups were involved, significance was determined using two-tailed
unpaired t test. Statistical significance was considered at p � 0.05.

Results
Electrogenic, Na �-dependent glutamate uptake in primary
cultures of astrocytes
Whole-cell patch-clamp recordings, using SCN� as the per-
meant anion, were obtained from type I cortical astrocytes cul-
tured under normoxic conditions (mean capacitance, 16.1 � 0.4
pF; input resistance, 43.7 � 7.3 M�; n 
 67). In the presence of
the ionotropic (20 �M NBQX and 100 �M AP-5) and metabo-
tropic (1 mM MCPG) glutamate receptor antagonists, bath appli-
cation of 10 �M L-glutamate induced an inward current of mean
amplitude �447.2 � 29.5 pA (holding potential, �70 mV) in
92% (72 of 78) of these astrocytes (Fig. 1A), corresponding to a
glutamate-induced current density of �28.9 � 1.3 pA/pF (Fig.
1D,F). When Na� was replaced by choline in the extracellular
solution, glutamate failed to produced an inward current (Fig.
1A) (representative of 10 such experiments). Exposure of cells to
10 �M D-glutamate also failed to generate inward current (n 
 8)
(data not shown). The amplitude of glutamate-evoked currents
also displayed pronounced voltage dependence (Fig. 1B). The
amplitude of inward currents generated by glutamate uptake un-
der these experimental conditions relies on anion efflux, and so is
influenced by anion species. In accordance with others (Wadiche
et al., 1995), inclusion of thiocyanate SCN� within the patch
pipette amplified the transporter current because of its high per-
meability to the anion pore associated with the transporter. Sim-
ilarly, less permeant anions (NO3

� and MES) showed a smaller
glutamate-induced current density (Fig. 1C,D). All of these prop-
erties indicate that the inward current recorded was carried by
Na�-dependent glutamate transporters.

The relative contributions of individual transporters to the
whole-cell, glutamate-evoked current was investigated using
available pharmacological tools and SCN� as the anion in the
patch pipette. Bath application of the nonselective inhibitor
L-TBOA at a supramaximal concentration of 100 �M significantly
reduced current density by �90%, from �26.4 � 6.3 to �2.1 �
0.2 pA/pF (n 
 43; p � 0.001) (Fig. 1C,E). This further supported
the conclusion that the glutamate-induced inward currents arose
because of electrogenic glutamate uptake. To determine the con-
tribution of EAAT2 to the sodium-dependent transporter cur-
rent, the glutamate-induced current was measured in the pres-
ence of DHK. DHK inhibits the EAAT subtypes to varying
degrees: EAAT1, IC50 of �10 mM; EAAT2, IC50 of 10 –50 �M;
EAAT3, IC50 of 1.2 mM (Garlin et al., 1995; Dowd et al., 1996).
For these studies, EAAT2 contribution was evaluated using DHK
at a concentration of 500 �M. Bath application of DHK before
application of glutamate only partially reduced current ampli-
tudes, to �13.2 � 0.7 pA/pF (n 
 43; p � 0.001) (Fig. 1E,F). We

estimated (using the degree of blockade observed with DHK as an
indicator of EAAT2 activity and TBOA as an indicator of total
transporter activity) that �53% of current was attributable to
transport of glutamate via EAAT2, whereas the EAAT1 and
EAAT3 subtypes contribute 46% (Fig. 1F). Given the discrepan-
cies in the IC50 values depending on system used, we also per-
formed experiments using different concentrations of agonist
and antagonist to verify the contribution of EAAT subtypes. Us-
ing 0.5 mM glutamate and 300 �M DHK, we observed similar
contributions for the DHK-sensitive and -insensitive component
(DHK sensitive, 55.8%; DHK insensitive, 43.1%), although a
contribution from an as-yet-unidentified DHK-sensitive gluta-
mate transporter cannot be ruled out.

Previous studies indicate that different excitatory amino acids
have been shown to elicit transporter currents with different ki-
netics (Bergles and Jahr, 1997; Wadiche and Kavanaugh, 1998).
D-Aspartate-induced currents show a larger steady-state compo-
nent than L-glutamate-evoked currents if the transporter subtype
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Figure 1. A, Example inward current evoked by exposure of an astrocyte to 10 �M

L-glutamate (applied for the period indicated by the horizontal bar). Also shown is a represen-
tative trace of a lack of inward current evoked by glutamate in the absence of extracellular Na �

(replaced with choline). Holding potential, �70 mV. Calibration applies to both traces. B,
Current–voltage relationships evoked in astrocytes by application of 10 �M glutamate. Each
point plots mean current (�SEM), taken from six to nine cells in each case. C, Example currents
recorded as in A with extracellular Na � present, using equimolar amounts of the various per-
meant anions indicated in the pipette solution. Calibration applies to all traces. D, Mean (with
SEM error bars, taken from number of cells indicated above each error bar) inward current
densities evoked by glutamate in the presence of the different anions. E, Top traces, Examples of
glutamate-evoked currents recorded in the absence (control) or presence of 100 �M TBOA or
500 �M DHK, as indicated. Calibration applies to all traces. Bottom traces, As top, except that
inward currents were evoked by D-aspartate rather than glutamate. Calibration applies to all
traces. F, Mean (with SEM error bars, taken from number of cells indicated above each error bar)
inward current densities evoked by 10 �M glutamate (open bars) or 10 �M aspartate (solid
bars) in the absence or presence of uptake inhibitors TBOA (100 �M) or DHK (500 �M). *p �
0.05, **p � 0.01 compared with respective controls; unpaired t test.
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involved is EAAT1. However, in EAAT2-expressing cells,
D-aspartate and L-glutamate induce transporter currents with
similar magnitude (Bergles et al., 1997, 2002; Bergles and Jahr,
1998; Glowatzki et al., 2006). Therefore, to provide additional
evidence of the contribution of EAAT1 and EAAT2, we examined
the D-aspartate-induced currents in our cortical astrocytes. Un-
der normoxic conditions, D-aspartate (10 �M) evoked a current
density of similar magnitude as L-glutamate (23.8 � 4.1 pA/pF;
n 
 10), of which 46% was blocked by the EAAT2 antagonist
DHK (500 �M) (Fig. 1E, bottom traces; F).

EAAT3 transports cysteine with a greater affinity than the
EAAT1 transporter subtype (Aoyama et al., 2006), so to try and
discriminate between EAAT1 and EAAT3, we examined cysteine
uptake. Exposure of cells to 10 mM cysteine evoked currents of
mean density 3.6 � 0.9 pA/pF (n 
 15). These were almost com-
pletely abolished by TBOA (100 �M; 0.3 � 0.03 pA/pF; p � 0.05)
or by DHK (500 �M; 0.3 � 0.05; p � 0.05), suggesting that EAAT2
is the predominant transporter subtype involved in cysteine up-
take in cortical astrocytes. These data are in general agreement
with known contributions of both EAAT1 and EAAT2 to gluta-
mate uptake in the cortex (Rothstein et al., 1994).

Chronic hypoxic reduces the glutamate transporter current
To investigate any potential modulation of glutamate uptake by
chronic hypoxia, we exposed cells for 24 h either to normoxia
(21% O2) or to two levels of hypoxia: 2.5% O2 and 1% O2. Such
exposure had no significant effect on cell capacitance (2.5% O2,
18.2 � 0.8 pF, n 
 26; 1% O2, 16.9 � 1.1 pF, n 
 28; p � 0.05) or
input resistance (2.5% O2, 39.1 � 8.3 M�, n 
 14; 1% O2, 42.6 �
5.5 M�, n 
 13; p � 0.05). However, glutamate-evoked current
density was significantly reduced after exposure to chronic hyp-
oxia for 24 h (Fig. 2A). A study of the time course of the effects of
hypoxia (1% O2) revealed that significant reductions in current
density were only apparent after 16 h ( p � 0.05) and were max-
imal at 24 h with no additional reduction at the 48 h time point
(Fig. 2B). As in normoxically cultured astrocytes, 100 �M

L-TBOA almost fully abolished currents evoked by glutamate in
both groups of hypoxic cells (i.e., 2.5 and 1% O2) (Fig. 2C,D),
again indicating that this current was mediated by glutamate
transport. For cells cultured in 2.5% O2, application of the
EAAT2 selective blocker, DHK (500 �M), revealed partial inhibi-
tion (Fig. 2C,E) similar to that observed in normoxically cultured
cells (Fig. 1). The degree of inhibition suggested that the relative
contributions of EAAT2 (55%) and EAAT1 (41%) are similar
under these hypoxic conditions when compared with normoxic
cells. In contrast, in astrocytes cultured for 24 h in 1% O2, DHK
(500 �M) only reduced glutamate-evoked current by �14% (Fig.
2D), suggesting that the EAAT2-mediated component of gluta-
mate transport was more severely impaired by hypoxia than the
component attributable to EAAT1. Given this observed prefer-
ential suppression of EAAT2 activity under severe hypoxia, we
sought to provide additional evidence using D-aspartate as the
agonist for transport activity. The D-aspartate-evoked current
density was significantly reduced when cells were exposed to hyp-
oxia (1%; �15.7 � 1.6 pA/pF; n 
 10; p � 0.05, when compared
with normoxic controls). However, when compared with the
glutamate-evoked current density under hypoxia, the aspartate
current density was larger. This observation suggests an alter-
ation in the contribution of the EAAT subtypes to the transporter
current in severe hypoxia. The greater aspartate-induced current
density suggests an increased contribution from the EAAT1 sub-
type under hypoxia in comparison with normoxia. To investigate
whether this suppression of uptake was a true reflection of the

stoichiometric current, these experiments were repeated using
CH3O3S� within the patch pipette. A similar reduction under
hypoxic conditions was observed (1%; �3.2 � 0.5 pA/pF; n 
 10;
p � 0.05, when compared with normoxic controls). These results
suggest that chronic hypoxia suppresses glutamate uptake and
that more severe hypoxia (1% O2) preferentially suppresses up-
take via the EAAT2 subtype.

Chronic hypoxia decreases EAAT1 and EAAT2 protein levels
To explore possible mechanisms underlying hypoxic suppression
of glutamate transport in astrocytes, we examined the distribu-
tion of these transporters immunocytochemically. As illustrated
in Figure 3A (representative of three such experiments), EAAT1
(top left) was particularly prominent in “hot spots” close to the
plasma membrane. EAAT2 distribution (top center) was more
general throughout the cytoplasm, whereas EAAT3 (top right)
was mostly confined to the perinuclear region of the cell. The
presence of EAAT3 protein in our astrocytes was surprising given
that it is believed to be a neurone-specific transporter, although
studies have previously localized EAAT3 protein in glial cells
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(Conti et al., 1998; Kugler and Schmitt,
1999). In addition, the lack of EAAT3
staining at the plasma membrane suggests
a nonfunctional role, and the perinuclear
staining may represent a transporter pool
readily available for trafficking to the
plasma membrane. This nonfunctional
hypothesis is consistent with the lack of
functional cysteine uptake for this trans-
porter (see above). We found no immuno-
reactivity to EAAT4 in astrocytes, al-
though the same anti-EAAT4 antibody
displayed positive reactivity in primary
cultures of neurons (data not shown). Af-
ter 24 h exposure to 1% O2 (example im-
ages are shown in Fig. 3A, bottom traces),
there was a noticeable reduction in immu-
noreactivity for EAAT1 (bottom left) and
EAAT2 (bottom center), but the EAAT3
images (bottom right) appeared unaf-
fected. We also determined the protein
levels of all three transporters, EAAT1,
EAAT2, and EAAT3, using Western blots.
Figure 3B shows that hypoxia differentially
modulated the levels of each of the three
transporters. For EAAT1 (left), hypoxia
reduced protein levels in a graded manner,
with values seen in cells cultured under 1%
O2 (29 � 7.3%) approximately one-half of
those seen at 2.5% O2 (55 � 7.2%). Like
EAAT1 levels, those of EAAT2 were re-
duced by �50% (56 � 5.4%) when astro-
cytes were cultured in 2.5% O2 (center),
but no additional significant reduction
was seen in cells cultured under 1% O2

(51 � 6.6%). In additional contrast, levels
of EAAT3 protein were unaffected by the
most severe hypoxic conditions examined
(1% O2; 101.2 � 0.95%; right). These find-
ings show a clear selective and differential
regulation of EAAT protein, in agreement
with our functional studies (Fig. 2). This
suppression of glutamate uptake is there-
fore not attributable to a generalized sup-
pression of protein expression or function.
Indeed, outward K� current amplitudes
recorded in these astrocytes were unaf-
fected in these cells (data not shown). Furthermore, we previ-
ously showed that identical exposures of astrocytes to hypoxia
can increase expression of certain proteins (e.g., presenilin-1)
(Smith et al., 2004).

Alterations in protein expression levels can arise as a result of
one or more of a variety of possible mechanisms. We examined
the possibility that hypoxia acted at the transcriptional level by
determining relative mRNA levels using real-time PCR. Data are
shown in Figure 4 for EAAT1 (Fig. 4A) and EAAT2 (Fig. 4B)
mRNA, after normalization to �-actin mRNA levels. EAAT1
mRNA levels were reduced to 61.2 � 7.1 and 30.3 � 8.9% of
normoxic levels after 24 h of 2.5 and 1% O2 respectively. EAAT2
mRNA was reduced to 46.8 � 6.5 and 27.3 � 7.5% of normoxic
levels by the same exposures. Thus, clearly in both cases there was
a graded inhibition of EAAT mRNA with hypoxia, with the dif-
ferential effects of 2.5 and 1% O2 being greater for EAAT1. These
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data strongly suggest that reduced glutamate uptake into astro-
cytes after hypoxic episodes involved suppression of transcrip-
tion of both EAAT1 and EAAT2.

NF-�B but not hypoxia-inducible factor mediates hypoxic
suppression of EAAT1 and EAAT2
Studies of O2-dependent regulation of transcription have often
demonstrated an involvement of the transcriptional regulator
hypoxia-inducible factor (HIF). HIF� is stabilized under hypoxic
conditions, permitting dimerization with the � subunit and
thereby permitting binding to DNA. This effect of hypoxia can be
mimicked experimentally, and we took such an approach to in-
vestigate an involvement of HIF in hypoxic suppression of EAAT
expression in astrocytes. Firstly, normoxic cells were exposed to
desferrioxamine (DFO), a compound known to mimic effects of
hypoxia through HIF signaling (An et al., 1998). In these experi-
ments, DFO (10 or 100 �M; 24 h) had no significant effect on the
glutamate-evoked current density (Fig. 5A). Furthermore, there
was no significant change in the relevant contributions of the
EAAT proteins between 100 �M DFO-treated and control cells, as
determined pharmacologically (EAAT1, 40.2 � 3.8 to 39.2 �
4.1%; EAAT2, 56.8 � 3.6 to 57.5 � 4.5%; n 
 12; p � 0.05).

FG4496 and FG0041, prolyl hydroxylase inhibitors that prevent
HIF� being targeted for ubiquitination, thereby stabilizing HIF-
mediated transcription in normoxia (Ivan et al., 2002), were also
without significant effect on glutamate-evoked current densities
(Fig. 5A). In addition, topotecan, which prevents HIF-1� accu-
mulation in hypoxia (Rapisarda et al., 2004), was without effect
on glutamate-evoked currents (Fig. 5B, top traces). Cells treated
with topotecan (250 �M) did not show a reduction in the
glutamate-evoked current density (normoxia, 24.2 � 1.5 pA/pF;
topotecan, 25.1 � 1.9 pA/pF; n 
 10; p � 0.05) as observed in
hypoxia. Topotecan also had no effect on the ability of hypoxia
(1% O2) to suppress glutamate current density (11.6 � 0.7 pA/
pF; n 
 10). In support of these functional data, FG4496 and
DFO were also without effect on protein levels for EAAT1 or
EAAT2, as determined in Western blots (Fig. 5C). Additionally,
exposure of cells to cobalt, another HIF stabilizing agent (100 �M;
24 h), also had no effect on protein levels (Fig. 5C). Collectively,
results presented in Figure 5 strongly suggest that HIF is not
involved in hypoxic suppression of glutamate transporters.

Although HIF is the best known O2-dependent transcrip-
tional regulator, other regulators are also modulated by hypoxia
(Cummins and Taylor, 2005). Of these, we have previously sug-
gested that NF-�B mediates some effects of hypoxia in the O2

sensing cell line, PC12 (Green and Peers, 2002). Previous studies
have implicated NF-�B in suppression as well as activation of
EAAT2 expression through different mechanisms (Sitcheran et
al., 2005). To investigate a role for NF-�B, astrocytes were prein-
cubated in 1% hypoxia as described previously, in the additional
presence of SN50 (5 �M), an inhibitor of NF-�B activation. As
before, 1% hypoxia in the absence SN50 reduced the transporter
current density (Fig. 6A,C). However, those cells preincubated
with SN50 did not show a significant decrease in the glutamate-
evoked current density (Fig. 6A, top traces; C) when compared
with normoxic controls. However, some studies have suggested
that SN-50 acts as a nonspecific inhibitor of NF-�B (Boothby,
2001). Therefore, we used a compound known to specifically
inhibit NF-�B translocation to the nucleus, CAPE (Carrasco-
Legleu et al., 2004). Cells incubated under 1% hypoxia in the
presence of CAPE (10 �M) did not show the significant reduction
in glutamate-evoked current density as previously seen in the
absence of CAPE (Fig. 6B,C). This suggested that inhibition of
NF-�B activation prevents the reduction in glutamate uptake
activity seen in hypoxia. As a control, cells were preincubated
with the inactive form of SN50, SN50M (5 �M), for 24 h under
identical hypoxic conditions. SN50M did not prevent the reduc-
tion in the glutamate transporter current observed in hypoxia
(Fig. 6A, bottom traces; C). Given that SCN� amplifies the trans-
porter current, we used MES within the patch pipette to examine
the role of NF-�B in modulation of the stoichiometric current.
Here again, CAPE reversed the suppression of uptake activity
under hypoxia (1% hypoxia, 3.9 � 0.6 pA/pF; 1% hypoxia plus
CAPE, 5.6 � 0.4 pA/pF; n 
 10; p � 0.05). These data suggest that
NF-�B plays a vital role in hypoxic suppression of glutamate
uptake via the glutamate transporters. In additional support of
this, Western blots indicated that SN50 fully reversed hypoxic
suppression of EAAT1 and EAAT2 protein levels (Fig. 7A). Fi-
nally, we used immunocytochemistry to explore the effects of
hypoxia on the intracellular distribution of NF-�B. Representa-
tive images are shown in Figure 7B. Under normoxic conditions
(Fig. 7B, top images), immunoreactivity for NF-�B (stained
green) was largely cytoplasmic, and only low levels were observed
in nuclei (stained blue). After a 24 h period of exposure to 1% O2,
there was a marked redistribution of NF-�B such that cytoplas-
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mic levels decreased and nuclear levels dramatically increased
(Fig. 7B, middle images). This hypoxic redistribution was
prevented when cells were cultured under hypoxic conditions
but in the additional presence of 5 �M SN50 (Fig. 7B, bottom
images). Collectively, our findings indicate that hypoxia sup-
presses glutamate transporter expression via inhibition of NF-�B
translocation.

Discussion
Normal brain function is critically dependent on O2 availability;
reduction of O2 levels can precipitate neuronal dysfunction and,
over the longer term, predispose individuals to neurological dis-
orders such as dementias. Hypoxia in the brain can be acute and
severe, for example, as a result of a stroke, or can be milder but
sustained, as a result of other cardiorespiratory disorders (or res-
idence at high altitude). Because regulation of glutamate ho-
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meostasis by astrocytes is key to normal synaptic neurotransmis-
sion and indeed to coordination of neural networks (Fellin et al.,
2006), several studies have examined how such uptake is modu-
lated by hypoxia/ischemia (Torp et al., 1995; Martin et al., 1997;
Rao et al., 1998; Fujita et al., 1999; Gottlieb et al., 2000; Raghav-
endra et al., 2000; Tao et al., 2001; Rebel et al., 2005). However,
although some of these studies have identified alterations in
EAAT protein and mRNA levels, results are variable and no
mechanism or functional consequences have been provided. To
address this, we specifically investigated the effects of hypoxia
alone on astrocytic glutamate transport.

Our initial observations were that hypoxia (2.5 and 1% O2)
produced a marked, graded inhibition of glutamate uptake. Of
the three transporters, EAAT1–3 we found to be present in our
astrocytes (Figs. 2, 3), only EAAT1 and EAAT2 appeared to con-
tribute significantly to uptake currents, and indeed although
EAAT3 protein was detectable (Fig. 3B), it appeared to localize to
the perinuclear region of the cell (Fig. 3A). Hypoxia was selective
in its modulation of EAAT1 and -2; at 2.5% O2, similar degrees of
inhibition were found for the two transporters, but at 1% O2,
inhibition of EAAT2 function appeared to be more pronounced
than inhibition of EAAT1.

This selectivity of the effect of 1% O2 in itself argues against
hypoxic suppression of glutamate uptake arising as a result of cell
depolarization. Thus, although uptake depends on maintenance
of a strong transmembrane Na� electrochemical driving force,
and so depolarization would decrease this force, such an effect
would not be markedly selective for one uptake carrier over the
other. Furthermore, we have previously shown that similar peri-
ods of hypoxia do not alter membrane potential significantly in
these cells (Smith et al., 2003). Instead, our data are strongly
supportive of the idea that hypoxia suppresses expression of glu-
tamate transporters, rather than altering the activity of transport-
ers already expressed. Thus, we found hypoxia to inhibit EAAT1
and EAAT2 at the protein and mRNA level (Figs. 3, 4).

HIF has received much attention in recent years as a major,
O2-dependent regulator of transcription (Schofield and Ratcliffe,
2004; Semenza, 2004). HIF activation requires stabilization of the
� subunit by prevention of its degradation, which occurs rapidly
in normoxia because of proline hydroxylation-mediated target-
ing to the von Hippel–Lindau (VHL) factor, permitting proteo-
somal degradation. Asparagine hydroxylation also contributes to
degradation (Masson and Ratcliffe, 2003; Cummins and Taylor,
2005). Stabilization of the � subunit permits dimerization with
the � subunit, recruitment of additional factors, and hence initi-
ation of transcription. This pathway is well characterized in nu-
merous cell types, and may well be ubiquitous. Experimentally,
the HIF� subunit can be stabilized by numerous agents, includ-
ing the iron chelator DFO (An et al., 1998), cobalt [which mimics
hypoxia by causing the stabilization of HIF-� by occupying the
VHL-binding domain (Yuan et al., 2003)], and FG compounds,
which are proline hydroxylase inhibitors (Ivan et al., 2002).
Clearly, these agents were without effect on glutamate uptake or
EAAT1 and EAAT2 protein levels (Fig. 5). Furthermore, topote-
can, which prevents accumulation of HIF� during hypoxia (Be-
lozerov and Van Meir, 2005), was also without effect on uptake.
Collectively, these findings argue against a significant role for HIF
in hypoxic suppression of glutamate uptake.

Although HIF is regarded as the principal, ubiquitous tran-
scription factor activated by hypoxia, it is by no means the only
such factor (Cummins and Taylor, 2005). NF-�B is another
widespread transcription factor that appears to be activated by
hypoxia at least in non-neuronal/astrocyte tissues (Cummins and

Taylor, 2005). We showed that it accounts for some of the actions
of hypoxia in PC12 cells (Green and Peers, 2002). Furthermore,
NF-�B is recruited to the EAAT2 promoter in vitro and in vivo in
response to both EGF (epidermal growth factor) and TNF� (tu-
mor necrosis factor �), and both of these signals induce the pre-
dominant p65–p50 heterodimer (Sitcheran et al., 2005). Figures
6 and 7 present data that argue strongly that NF-�B activation is
required for hypoxic downregulation of EAAT1 and EAAT2.
Thus, NF-�B inhibition prevents hypoxic suppression of gluta-
mate uptake as determined electrophysiologically, and sup-
presses EAAT1 and EAAT2 protein levels (Fig. 7A), presumably
by inhibiting hypoxic activation/nuclear translocation of NF-�B
(Fig. 7B). Given that glutamate release, a consequence of isch-
emic events, in itself can also activate NF-�B, this could be pro-
posed as a mechanism of action. However, previous studies have
shown that glutamate cannot activate the translocation of NF-�B
within astrocytes (Guerrini et al., 1995). Thus, NF-�B inhibition
prevented the effects of hypoxia on these transporters, as deter-
mined at the functional and protein expression levels. The mech-
anism of NF-�B activation remains unresolved and merits addi-
tional investigation.

The implications for the present findings are striking: we pre-
viously reported that hypoxia promotes formation of amyloid-�
peptides of Alzheimer’s disease in astrocytes (Smith et al., 2004),
and these peptides can activate NF-�B in these cells (Akama et al.,
1998). Furthermore, the toxic fragment of these peptides (A�25–

35) can suppress glutamate uptake in astrocytes (Harris et al.,
1996). Thus, in both neurodegenerative diseases and cardiorespi-
ratory diseases leading to central hypoxia, suppression of astro-
cyte glutamate uptake, via NF-�B-mediated inhibition of EAAT
protein expression, is likely to be a critical factor in excitotoxicity
and neuronal damage or death. Thus, inhibition of this suppres-
sion of transporter expression represents a potential future ther-
apeutic target.
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