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Glutamate transport is central to neurotransmitter functions in the
brain. Impaired glutamate transport induces neurotoxicity associated
with numerous pathological processes, including stroke�ischemia,
temporal lobe epilepsy, Alzheimer’s disease, amyotrophic lateral
sclerosis, Huntington’s disease, HIV-1-associated dementia, and
growth of malignant gliomas. Excitatory amino acid transporter-2
(EAAT2) is a major glutamate transporter in the brain expressed
primarily in astrocytes. We presently describe the cloning and char-
acterization of the human EAAT2 promoter, demonstrating elevated
expression in astrocytes. Regulators of EAAT2 transport, both positive
and negative, alter EAAT2 transcription, promoter activity, mRNA,
and protein. These findings imply that transcriptional processes can
regulate EAAT2 expression. Moreover, they raise the intriguing pos-
sibility that the EAAT2 promoter may be useful for targeting gene
expression in the brain and for identifying molecules capable of
modulating glutamate transport that could potentially inhibit, ame-
liorate, or prevent various neurodegenerative diseases.

sequential progressive genomic scanning � nuclear run-on
assays � promoter reporter assays � mRNA and protein expression

The amino acid glutamate is the major excitatory neurotrans-
mitter in the mammalian CNS (1). Although compulsory for

normal neuronal function and neurotransmission, this excitatory
amino acid can accumulate in the extracellular fluid of the CNS, as
a consequence of pathologic changes in the brain, thereby pro-
moting neuronal damage and brain injury by a process termed
‘‘excitotoxicity’’ (2, 3). It is well established that the concentration
of extracellular glutamate in the CNS is controlled by Na�-
dependent transport systems present in astrocytes and neurons and
that glutamate taken up by astrocytes is subsequently metabolized
by glutamine synthase (1). In this context, glutamate transport
represents an important mechanism for maintaining low levels of
this neurotransmitter in the extracellular milieu to promote synaptic
signaling and to restrict potential neurotoxicity resulting from the
excitotoxic property of glutamate (1, 3).

Five excitatory amino acid transporter (EAAT) cDNAs have
been identified and cloned (EAAT1–5) (4–6). EAAT2, also iden-
tified in the rodent as glutamate transporter-1 (GLT-1), and
EAAT1, also known as GLAST (4–6), are the major glutamate
transporters in the CNS, accounting for the majority of total
glutamate uptake in the brain (7). Although EAAT2 protein is
predominantly expressed in astrocytes, neuronal expression of
EAAT2 has been observed during development (8), ischemic insult
(9), and in neurons in culture (10). Controversy exists relative to the
areas in the brain where the EAAT2 protein is expressed, i.e., two
semiquantitative studies suggest uniform expression with minimal
variations in different brain regions (1, 11), whereas others suggest
greater expression (8- to 10-fold) in the forebrain than in the
cerebellum (12, 13). Reductions in EAAT2 protein expression have
been documented as a function of neuropathology resulting from
ischemia (14), in temporal lobe epilepsy (15), Alzheimer’s disease

(16), Huntington’s disease (3), and amyotrophic lateral sclerosis
(17, 18). A potential role has also been proposed for astrocyte
glutamate transport in HIV-1-related dementia (19). Moreover,
malignant gliomas secrete glutamate, which may contribute to
tumor expansion (20). These findings emphasize the importance of
glutamate transport and the EAAT2 transporter in astrocytes to
normal brain function and their association with multiple patho-
logic changes in the brain.

The mechanisms underlying regulation of EAAT2 and other
glutamate transporters are not well defined, but they potentially
involve transcriptional and�or posttranscriptional processes (1).
To provide insights into the process of glutamate transport and
its normal regulation and association with disease, a sequential
progressive genomic scanning cloning approach was used to
identify and isolate the human EAAT2 promoter. We have
characterized regions in the promoter controlling expression in
astrocytes and defined biochemical pathways involved in mod-
ulating human EAAT2 promoter expression and mRNA and
protein levels. These studies document the importance of tran-
scriptional processes in regulating EAAT2 expression and con-
sequently EAAT2 protein levels in human astrocytes.

Materials and Methods
Primary Cell Cultures, Cell Lines, and Reagents. Primary normal
human fetal astrocytes (PHFA) were isolated from second
trimester (gestational age 16–19 weeks) human fetal brains and
cultured as described (21–23). Early passage primary human
mammary epithelial and prostate epithelial cells were obtained
(Clonetics, San Diego) and cultured as described (24, 25). Simian
virus 40-immortalized normal human foreskin melanocyte cells
(FM516-SV) and HO-1 human melanoma cells were cultured as
described (25, 26). HCN-2, HCN-1A, DU-145, MCF-7, Colo 205,
and PANC-1 cells were from the American Type Culture
Collection and maintained as described (25). A normal cerebel-
lum cell line was established and grown as described (27).
Culture media and cells were tested for mycoplasma contami-
nation with the Mycoplasma PCR ELISA kit (Roche Molecular
Biochemicals) and only negative cultures were used. Epidermal
growth factor (EGF), transforming growth factor � (TGF-�),
and tumor necrosis factor � (TNF-�) were from Invitrogen;
dibutyryl cAMP (dBcAMP), bromo-cAMP, AG1478, pyrro-
lidinedithiocarbamate (PDTC), and PD98059 were from Sigma;
and KT5720 and wortmanin were from Calbiochem.

Abbreviations: EAAT, excitatory amino acid transporter; EAAT2-Prom, EAAT2 promoter;
PHFA, primary normal human fetal astrocytes; PDTC, pyrrolidinedithiocarbamate; PKA,
protein kinase A; EGF, epidermal growth factor; TGF-�, transforming growth factor �;
TNF-�, tumor necrosis factor �; BAC, bacterial artificial chromosome; dBcAMP, dibutyryl
cAMP; PI-3K, phosphatidylinositol 3-kinase.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession no. AF510107).
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EAAT2 Promoter (EAAT2-Prom) Isolation. Nylon filters containing a
human genomic bacterial artificial chromosome (BAC) library
were screened by using a PCR-amplified 32P-labeled exon 2 EAAT2
(105–605 bp) probe. This screening identified three BAC clones,
FBAC-4434 BAC library, plate nos. 354j11, 362h20, and 433n05
(Incyte Genomics, Palo Alto, CA), which contained the EAAT2
second exon with a large intron preceding this sequence. The three
BACs were sequenced with T3 and T7 primers to determine the
sequences in the proximity of the vector enabling rescreening of the
library. This sequencing information permitted the generation of an
intervening sequence probe that extended �50 kb into the first
intron and resulted in the identification of three additional clones.
Southern blotting analysis revealed that these three BACs con-
tained the first EAAT2 exon. SacII digestion (2.5 kb) of the BAC
clones generated fragments containing the first exon of EAAT2
and the 5� upstream region. This fragment, designated as p-2426,
contained the putative EAAT2-Prom region and part of the first
exon.

Primer Extension Analysis and Nuclear Run-On Assays. Primer exten-
sion assays were performed as described (28). A primer with the
sequence 5�-TAATCCGCGTCCCGGCTCTCCACGGCG-
CGCGA-3� complementary to the 5� UTR of the EAAT2 cDNA
was used for this assay. Nuclear run-on assays were performed
as described (29).

Construction of EAAT2-Prom Deletion Mutants and Luciferase Assays.
5� Deletion mutants of the EAAT2-Prom were made with
exonuclease III digestion by using the Erase-A-Base system
(Promega) as described for the PEG-3-Prom (28). The FL-
EAAT2-Prom and EAAT2-Prom deletion mutants were cloned
into the pGL3-basic luciferase reporter vector (Promega), and
luciferase reporter assays were performed as described with
slight modifications (28, 30). Instead of using Lipofectamine,
which was toxic to PHFA, the calcium phosphate precipitation
technique was used (31).

Northern and Western Blotting Assays. Total cellular RNA was
isolated by the guanidinium�phenol extraction method, and
Northern blotting was performed as described (25, 28, 30).
Western blotting assays were performed as described (24).

Results
Cloning of the Human EAAT2-Prom Using the Sequential Progressive
Genomic Scanning Cloning Approach and Identification of the EAAT2
Transcription Start Site. A previous study of EAAT2 structure
concluded that the human EAAT2 gene region is composed of 11
exons spanning �50 kb of genomic DNA (32). However, despite the
paramount importance of EAAT2 regulation in normal brain
function and its potential involvement in multiple neuropatholo-
gies, the structure of the EAAT2-Prom or its role in controlling
EAAT2 expression remain unknown. Our present studies provide
a possible explanation for the difficulties encountered in cloning the
EAAT2-Prom. We reanalyzed the EAAT2 genomic region and
found that the previously proposed structure of the EAAT2 gene
(32) is not correct relative to the 5� region. Current information in
GenBank (accession no. Z32517) contains only a partial sequence
of exon 1, consisting of 105 bp. Exon 1 is separated from exon 2 by
an intron of �100 kb (Fig. 1A). This structure and the small size of
the previously identified exon 1 fragment (105 bp) prevented us
from using a simple genomic walking approach or a single BAC
library screening approach for identifying the putative 5� region
containing the EAAT2 promoter. To clone the EAAT2 promoter,
we used a sequential progressive genomic scanning cloning strategy
in which nylon filters containing a human genomic BAC library
were initially screened by using a PCR-amplified [�-32P]dCTP-
labeled EAAT2 exon 2 probe. This screening identified clones
containing exon 2 with a large intron preceding this sequence.

Additional screening using probes containing part of the sequence
of intron 1 identified three clones that contained the sequence of
exon 1 and �2.5 kb of the 5� upstream region. Sequence analysis of
this putative EAAT2-Prom region revealed that it contains five Sp1
sites and GC-rich repeats, but no TATA box (Fig. 1A). A similar
genomic structure is found in the promoter of the ASCT1 gene,
which also lacks well-defined cis elements while containing five Sp1
sites and GC-rich repeats (commonly found in early growth re-
sponse genes, such as those in the EGF family and jun D) (33).
Bioinformatic analysis of the promoter region revealed a number of
potential regulatory transcription factor-binding elements that may
contribute to EAAT2 expression and its regulation, including
NFAT, NF-�B, and N-myc (Fig. 1A).

To determine the transcriptional initiation site of the EAAT2
gene, a labeled antisense primer was hybridized to total RNA
from PHFA, and the extension products were separated on a
sequencing gel (Fig. 1B). This process demonstrated that the
major transcript is being initiated from an adenosine residue
located 283 bp upstream of the ATG start codon. Accordingly,
this base was designated as �1 bp and extended the 5� end of the
previously cloned EAAT2 cDNA by 194 bp. These results
confirm that the first exon contains 299 bp (the originally
reported sequence of 105 bp and an additional 194 bp now
identified by primer extension analysis) (Fig. 1).

Human EAAT2-Prom Activity and Deletion Analysis of the EAAT2-Prom.
EAAT2 is expressed in brain-derived cells, mainly astrocytes (7,
34). Experiments were performed to confirm EAAT2-Prom
activity in normal human astrocytes and to determine expression
levels in other cell types (Fig. 2A). Primary early passage and
established human normal and tumor cell lines were cotrans-
fected with a putative full-length �2.5-kb EAAT2-Prom
(p-2426��44, SacII fragment; cloned into the pGL3-basic vec-
tor) (Promega) driving expression of the firefly luciferase (LUC)
gene and a pSV-�-galactosidase expression plasmid. Relative-
fold activity in the different cell types was determined by
normalizing the LUC activity to �-galactosidase expression (Fig.
2A). Highest expression was consistently seen in early passage
(nos. 1–3) PHFA. EAAT2-Prom activity was �6- to 10-fold
higher in PHFA than in the other cell types analyzed (Fig. 2 A).
With repeated passage, EAAT2-Prom activity decreased �3- to
5-fold in PHFA cells by passage no. 5 or no. 6, respectively (Fig.
2B). The EAAT2-Prom displayed reduced activity versus early
passage PHFA cells, in a normal adult human cerebellum culture
(NC) and in human cortical neuronal cultures (HCN-2, HCN-
1A) (Fig. 2 A). Low-level EAAT2-Prom activity was also appar-
ent in additional human cells, including human mammary epi-
thelial cells (passage no. 5), human prostate epithelial cells
(passage no. 4), FM516-SV, MCF-7, DU-145, PANC-1, HO-1,

Fig. 1. Schematic of the human EAAT2 gene including intron–exon structure
and its promoter (A) and primer extension analysis (B). (A) Exons are indicated
by number above bold boxes; location of various binding sites for transcrip-
tion factors is indicated above the approximate location in the EAAT2-Prom.
The size of the first intron is indicated. (B) Defining the transcriptional start site
of the EAAT2 cDNA. Lanes 1–3 contain different concentrations of labeled
probe (1, 104 cpm; 2, �105 cpm; 3, �5 � 104 cpm).
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and Colo 205. Elevated EAAT2-Prom activity was found in one
of six gliomas (data not shown). In summary, based on the cells
currently studied, the highest activity of the EATT2-Prom was
apparent in astrocytes, specifically early passage PHFA. Analysis
of EAAT2 expression in multiple tissue Northern blots contain-
ing RNA from different regions of the adult human brain
indicate that EAAT2-Prom activity may differ in different
populations of astrocytes, with highest expression in the cerebral
cortex (data not shown).

To identify cis-acting elements important for expression of
EAAT2, a series of 5� deletion mutants were constructed and
evaluated in PHFA (Fig. 3). Deletion of the most distal region
from �2426 to �703 did not alter EAAT2-Prom activity.
However, a �703 to �326 deletion reduced promoter activity by
�1.7-fold versus the putative FL (p-2426) or the p-703 deletion
mutant (Fig. 3). Sequence analysis of this deleted region revealed

five Sp1 and one NF-�B, N-myc, and NFAT transcription
factor-binding site (Fig. 1 A). Deletion of the region �326 to
�120 further reduced the activity of the EAAT2-Prom by
�2-fold (Fig. 3). These results suggest that a putative transcrip-
tion regulatory element(s) present in this region contributes to
basal EAAT2-Prom activity in PHFA.

Positive and Negative Regulation of Human EAAT2 Transcription,
Promoter Activity, and mRNA Levels in PHFA. EGF, TGF-�, and
dBcAMP enhance GLT-1 expression in rat astrocytes (35, 36).
Consistent with observations in rat astrocytes, 7-day treatment
with EGF, TGF-�, and two analogs of cAMP, dBcAMP, and
bromo-cAMP stimulated EAAT2 mRNA expression in PHFA,
whereas TNF-� decreased expression (Fig. 4A). EGF up-
regulated EAAT2 mRNA to the highest extent at 48 h, and
bromo-cAMP enhanced EAAT2 mRNA expression by 24 h
(maximum at 48 h), whereas TNF-� decreased expression by 48 h
(Fig. 4C). To examine whether stimulation of EAAT2 expression
involves transcriptional changes, nuclear run-on assays were
performed. The relative rate of transcription of EAAT2 RNA,
as compared with the housekeeping gene GAPDH, was elevated
in PHFA after treatment with EGF, TGF-�, dBcAMP, and

Fig. 2. Relative expression of the EAAT2-Prom in PHFA and various normal
and tumor cell lines. (A) Relative fold expression of a FL-EAAT2-Prom-LUC
construct was determined as described (28, 30), and activity versus transfec-
tion with a pSV-�-galactosidase plasmid, to equalize for differences in trans-
fection efficiency, was determined (28, 30). (B) Effect of passage number on
EAAT2-Prom-LUC activity in PHFA cells.

Fig. 3. Deletion analysis of the EAAT2-Prom. 5� deletions of the EAAT2-Prom
were constructed, and relative fold luciferase activity versus �-galactosidase
activity in PHFA was determined as in Fig. 2.

Fig. 4. Effect of modulators of EAAT2 activity on EAAT2 expression and
EAAT2-Prom deletion mutant activity in PHFA. (A) Northern analysis of EAAT2
and GAPDH mRNA expression after treatment with EGF (30 ng�ml), TGF-�
(30 ng�ml), dBcAMP (200 �M), bromo-cAMP (250 �M), or TNF-� (200 units�ml)
for 7 days. (B) Nuclear run-on assays determining relative rate of EAAT2 and
GAPDH transcription as a function of 7-day treatment with the same concen-
tration of the indicated agents. (C) Time-course mRNA expression of EAAT2
and GAPDH after treatment with EGF, bromo-cAMP, or TNF-� (same concen-
trations as in A). (D) Effect of deletion mutations in the EAAT2-Prom on basal
and modulator-regulated expression. Relative fold expression of the p-703,
p-326, and p-120 in untreated and 4-day compound-treated PHFA. (E) Effect
of defined mutations in the EAAT2-Prom on basal, EGF, and TNF-� treatment.
PHFA were treated for 4 days, and results represent relative fold expression.
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bromo-cAMP and decreased with TNF-� treatment (Fig. 4B).
These data confirm that these regulators of EAAT2 glutamate
transporter function exert their effect on steady-state mRNA by
altering EAAT2 transcription in PHFA.

To examine further the relationship between EAAT2 and treat-
ment with the various glutamate transporter modulators, transient
transfection assays were performed in PHFA with various EAAT2-
Prom deletion constructs (Fig. 4 D and E). Four-day treatment of
PFHA with EGF, TGF-�, dBcAMP, and bromo-cAMP resulted in
�1.5- to 3.0-fold up-regulation of EAAT2-Prom activity. Deletion
of the region between �2426 and �703 in the EAAT2-Prom did
not significantly decrease stimulation by these agents (data not
shown). On the other hand, deletion of the region between �703
and �326 in the EAAT2-Prom reduced up-regulation by these
agents to a level approximating that found in uninduced PHFA. A
further deletion of the EAAT2-Prom sequences between �326 and
�120 did not reduce EAAT2-Prom activity as compared with
control after treatment with the stimulating agents (Fig. 4D). These
data suggest that putative transcription regulatory motifs in the
human EAAT2-Prom between �703 and �326 are determinants of
elevated EAAT2-Prom activity in PHFA after treatment with the
various stimulating agents. These studies emphasize that specific
regions of the EAAT2-Prom (located predominantly between
�703 to �326) contain important cis-regulatory elements that
enhance promoter activity after exposure to EGF, TGF-�,
dBcAMP, and bromo-cAMP. In the case of TNF-�, deletion
between �326 and �120 of the EAAT2-Prom resulted in promoter
activity similar to that found in control untreated PHFA (Fig. 4 D
and E).

Several recognized transcription regulatory motifs exist be-
tween p-703 and p-120 of the EAAT2-Prom, including NF-�B
(�583 and �272), N-myc (�524), and NFAT (�506) (Fig. 1 A).
A mutant was constructed at p-579 that deletes the NF-�B site
at �583. Transfection of p-579 into PHFA resulted in a reduc-
tion in basal activity as compared with a p-703 construct (Fig.
4E). In addition, the p-579 mutant lost responsiveness to the
inducers, which did not decrease further relative to control in
additional mutants lacking N-myc (p-519), NFAT (p-326), and
three SP1 sites (p-326) or the second NF-�B site (p-120). In the
case of TNF-�, only p-703 showed responsiveness, whereas the
other constructs, including p-579, did not show TNF-�-mediated
down-regulation of the EAAT2-Prom activity. These results
argue that basal activity, as well as EGF-, TGF-�-, dBcAMP- and
bromo-cAMP-enhanced activity and TNF-� inhibitory activity
of the EAAT2-Prom is regulated by the NF-�B site at position
�583. These findings provide a potential explanation of how
both stimulators and inhibitors of EAAT2-Prom activity may
function to differentially alter EAAT2 gene transcription.

Biochemical Basis for Positive and Negative Regulation of EAAT2
Expression in PHFA. To define the biochemical pathways relevant to
the regulation of EAAT2 expression in PHFA resulting from the
different treatment protocols, we used a pharmacological ap-
proach. This process involved the use of well-characterized path-
way-specific inhibitors and determining effects on EAAT2 pro-
moter activity, mRNA levels, and protein levels (Fig. 5). The
inhibitors included KT5720 [a protein kinase A (PKA) inhibitor],
AG1478 (a tyrosine kinase inhibitor), wortmanin [a phosphatidyl-
inositol 3-kinase (PI-3K) inhibitor], LY294002 (a PI-3K inhibitor)
(data not shown), PDTC (an inhibitor of NF-�B activation), and
PD98059 (a mitogen-activated kinase inhibitor) (MEK1�MEK2)
(36). In the case of EGF (or TGF-�, data not shown), the
enhancement of EAAT2-Prom activity and EAAT2 mRNA and
protein levels was abolished by AG1478, PDTC, wortmanin, and
LY294002, significantly inhibited but not extinguished by PD98059,
and unaffected by KT5720 (Fig. 5 A, D, and E). In the case of
bromo-cAMP (or dBcAMP, data not shown), the enhancement of
EAAT2 expression was eliminated by KT5720, PDTC, wortmanin,

and LY294002, partially inhibited by PD98059, and unaffected by
AG1478 (Fig. 5 B, D, and E). These findings demonstrate that the
various stimulators affect EAAT2 expression through several path-
ways involving related biochemical changes, both similar and dis-
tinct from each other (Fig. 6). Enhancement of human EAAT2
expression by the different stimulators was inhibited by blocking
NF-�B activation and PI-3K stimulation and partially inhibited by
altering mitogen-activated protein kinase (MEK1�MEK2) activa-
tion. In contrast, EGF and TGF-� enhancement of EAAT2 ex-
pression involved tyrosine kinase activation and occurred in a
PKA-independent manner, whereas stimulation by bromo-cAMP
and dBcAMP depended on the PKA pathway but was independent
of tyrosine kinase activation (Fig. 6).

In contrast to the stimulatory effects of EGF, TGF-�, Bromo-
cAMP, and dBcAMP on EAAT2 expression, TNF-� decreased

Fig. 5. Effect of pharmacological inhibitors on EAAT2-Prom activity, and
mRNA and protein expression in PHFA after various treatment protocols.
(A–C) EAAT2-Prom activity in PHFA either untreated (�) or treated with EGF
(30 ng�ml) (A), bromo-cAMP (250 �M) (B), or TNF-� (200 units�ml) (C) in the
absence (�) or presence (�) of KT5720 (5 �M), AG1478 (1 �M), PDTC (100 �M),
wortmanin (WRT) (100 nM), or PD98049 (PD) (50 �M). The duration of the
assay was 4 days. (D) Effect of the various treatment protocols on EAAT2 and
GAPDH mRNA levels. (Upper) Relative EAAT2 RNA expression versus GAPDH
expression compared with control untreated or treated samples based on
scanning of autoradiograms. (Lower) Actual Northern blots. (E) Effect of the
various treatment protocols on EAAT2 and ACTIN protein levels. (Upper)
Relative EAAT2 protein expression versus ACTIN expression compared with
control untreated or treated samples based on scanning of autoradiograms.
Individual experiments were performed three times with triplicate samples,
and SD from the mean is presented.
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EAAT2 expression in PHFA (Figs. 4 and 5). Cotreatment of
PHFA with TNF-� and the various pharmacological inhibitors
demonstrated that blocking activation of the NF-�B pathway
with PDTC was able to restore EAAT2 promoter activity and
mRNA and protein levels to that observed in untreated PHFA.
A partial restoration of normal levels of EAAT2 protein was also
found after treatment with TNF-� in combination with
PD98059. The importance of NF-�B activation in the TNF-�
inhibitory effect on EAAT2 expression was further documented
by using an I�B mutant, which specifically inhibits NF-�B
activation (data not shown).

Discussion
Although glutamate excitotoxicity is implicated in numerous CNS
abnormalities, including pathological changes associated with head
trauma and stroke, and diseases such as amyotrophic lateral scle-
rosis, Huntington disease, Alzheimer’s disease, epilepsy, HIV-1-
associated dementia, and immune-mediated damage in multiple
sclerosis (3, 14–19, 37–39), the mechanism by which the brain
(astrocytes) regulates glutamate transport and prevents glutamate
damage to neurons remains to be defined. The present study
provides insights into the mechanism by which human astrocytes
regulate EAAT2 gene expression and consequently glutamate
transport. Evidence is provided indicating that EAAT2 expression,
occurring normally in astrocytes and as a consequence of treatment
with physiological regulators of glutamate transport, operates
through transcriptional processes, thereby resulting in changes in
EAAT2 mRNA and protein. Based on these considerations, the
EAAT2-Prom may prove amenable for developing high-
throughput assays to identify small molecule modulators of gluta-
mate transport. It is possible that these new reagents could afford
protection from abnormal physiological alterations in glutamate
transport resulting from trauma and stroke as well as those occur-
ring during various disease-related pathological changes in the
CNS. These agents could also represent a way of modulating
glutamate transport in malignant glioma cells, concomitantly af-
fecting their growth and ability to damage neurons (20). Further
studies are required to explore these possibilities.

Traditionally, the astrocyte was considered to play a minor role
in neuronal function and in directing overall activities in the brain,
providing only a maintenance role in regulating brain homeostasis
(2, 34). However, recent studies challenge these assumptions and

suggest that rather than being an innocuous bystander, the astrocyte
may play a crucial role in regulating neuronal activity and signal
transmission; as emphasized previously, deficiencies in these func-
tions may contribute to neurodegeneration (34, 40–42). One way
astrocytes wield their effects on neuronal function is through the
EAAT2 transporter and its capacity to maintain stimulatory, but
nontoxic low levels of free intrasynaptic L-glutamate in the area
adjacent to neurons (1–3). Abnormalities in this process result in the
accumulation of extracellular glutamate in synaptic clefts and
overexcitation and death of neurons in the process of glutamate
excitotoxicity (1–3). Additional functions of astrocytes include
stimulation of the number of synapses and an enhancement of
synaptic efficiency by altering presynaptic and postsynaptic func-
tions in vitro (43, 44). Astrocytes also display excitation properties
similar to neurons, including the appearance of functional neuronal
nicotinic acetylcholine receptors and Ca2�-dependent glutamate
release (44–46). These traits of astrocytes permit intracellular
signaling between astrocytes and neurons and may even assist in
modulating neuronal signal transmission (44–46). Based on these
significant properties of astrocytes and their interrelationship with
neurons, factors that adversely affect astrocytic functions can be
anticipated to directly influence neuronal function and survival.

Studies designed to comprehend the biochemical processes reg-
ulating glutamate transport have focused on rat astrocytes as a
model system (36, 47, 48). These investigations indicate that mul-
tiple and converging signal transduction pathways affecting astro-
cyte maturation regulate rodent GLT-1 expression, as monitored by
elevations in mRNA and protein levels and consequently glutamate
transport (36, 47, 48). In the present study, we now document that
similar signaling cascades are involved in regulating human EAAT2
expression in PHFA, and this regulation occurs at a transcriptional
level. Expression of EAAT2 mRNA and protein is temporally
up-regulated in PHFA cells after treatment with EGF, TGF-�, and
cAMP analogs (dBcAMP and bromo-cAMP). Using a series of
pharmacological inhibitors of defined biochemical pathways (Fig.
6), we have documented the role of multiple signaling events that
impinge on EAAT2-Prom activity in PHFA (Figs. 4 and 5). In the
case of EGF and TGF-�, signaling through the EGF receptor and
activation of PI-3K and NF-�B are primary mediators of elevated
EAAT2 expression. In the case of dBcAMP and bromo-cAMP,
signaling through PKA is a major mediator of activity, and regu-
lation of EAAT2 expression is also exerted by PI-3K and NF-�B.
Cocultivation of neurons, or neuronal conditioned medium, with
rat astrocytes stimulates GLT-1 expression (36). Similarly, rat
neuronal conditioned medium also enhances human EAAT2 ex-
pression in PHFA (data not shown), suggesting that the human
model is behaving in an analogous manner as the rodent astrocytes
and factors regulating activity are not species specific. Because the
rat GLT-1-Prom was not available and because actinomycin D
(which inhibits transcription) was toxic, it was not previously
possible to determine the mechanism, i.e., activation of gene
transcription or increase in mRNA stability, involved in the increase
in mRNA in rat astrocytes after treatment with EGF, TGF-�, and
dBcAMP (36). The present studies using nuclear run-on and
promoter-based reporter assays demonstrate that these modulators
of rat GLT-1 expression can exert their effects in PHFA by altering
transcription of the EAAT2 gene. We further document that the
mechanism underlying basal, enhanced, and TNF-�-reduced
EAAT2-Prom activity in PHFA involves the transcription factor
NF-�B (Fig. 4 D and E).

TNF-� inhibits glutamate uptake by PHFA (49). This inhibi-
tion of glutamate transport by TNF-� was dose-dependent and
very specific, as neutralizing antibody to TNF-� abolished this
inhibition and a mAb that is an agonist at the 55-kDa TNF
receptor induced inhibition (49). Infection of PHFA by HIV-1
or exposure of the cells to gp120 induces rapid and sustained
inhibition of glutamate uptake by astrocytes, and this effect
correlates with a decrease in the expression of EAAT2 protein

Fig. 6. Schematic of pathways and inhibitors effecting EAAT2-Prom activity.
EGF-R, EGF receptor; TNFR, TNF-� receptor; TRADD, TNF receptor-1-associated
death domain protein; TRAF2, TNF receptor-associated factor 2; NIK, NF-�B-
induced kinase; I�K, I-�B kinase; I�B, inhibitor of NF-�B; ERK, extracellular
signal-regulated kinase.
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and RNA (D.J.V., unpublished data). Consistent with this effect,
exposure of PHFA to HIV-1 or gp120 decreases EAAT2-Prom
activity in these cells (Z.-z.S., D.J.V., and P.B.F., unpublished
data). These findings suggest that HIV-1, gp120, and other
neuropathogenic agents can alter specific signaling pathways in
astrocytes in a way that may impair important physiological
functions of these cells in neuronal signal transmission and
response to brain injury. The mechanism by which HIV-1, gp120,
and TNF-� inhibit glutamate uptake in astrocytes is not clear.
Our present studies provide insights into the mechanism under-
lying this process. TNF-� inhibited EAAT2 RNA transcription
(nuclear run-on) and promoter activity and decreased the levels
of EAAT2 mRNA and protein in PHFA cells (Figs. 4 and 5).
This effect could be reversed by simultaneous treatment with
PDTC, an inhibitor of NF-�B activation (Fig. 5). Moreover, the
stimulatory effect of EGF, TGF-�, dBcAMP, and bromo-cAMP
were also inhibited by PDTC, suggesting that NF-�B activation
may be a primary contributor, acting both positively and nega-
tively depending on the agent administered, in regulating
EAAT2 expression in PHFA. Analysis of specific EAAT2-Prom
deletion mutants confirms this possibility and provides further
evidence for the importance of NF-�B in regulating EAAT2
expression in PHFA. These results support the hypothesis that

TNF-� decreases EAAT2 activity in PHFA by decreasing tran-
scription through NF-�B, steady-state mRNA, and protein levels
of EAAT2.

In summary, regulation of extracellular glutamate levels in the
brain is critical for normal brain function and is implicated in
numerous neurological diseases. Our data provide a perspective
into how EAAT2 expression is regulated in human astrocytes.
Transcriptional processes control EAAT2 expression in astrocytes
as confirmed with agents that can physiologically regulate gluta-
mate transport in astroglial cells. Evidence is presented defining
specific regions of the EAAT2-Prom and biochemical pathways,
both involving NF-�B, that converge in either elevating or decreas-
ing EAAT2 expression (Fig. 6). These studies suggest that it may
now be possible to develop sensitive cell culture-based assays for
identifying small molecules and compounds that can regulate
glutamate transport in astrocytes. Although further studies are
required, specific small molecules and compounds may provide new
and effective approaches for preventing and treating diverse patho-
logical changes in the brain.
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