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Abstract
Alzheimer disease (AD) is characterized by deposition of amyloid-A,

tau, and other specific proteins that accumulate in the brain in detergent-
insoluble complexes. Alzheimer disease also involves glutamatergic
neurotransmitter system disturbances. Excitatory amino acid trans-
porter 2 (EAAT2) is the dominant glutamate transporter in cerebral
cortex and hippocampus. We investigated whether accumulation of
detergent-insoluble EAAT2 is related to cognitive impairment and
neuropathologic changes in AD by quantifying detergent-insoluble
EAAT2 levels in hippocampus and frontal cortex of cognitively
normal patients, patients with clinical dementia rating of 0.5 (mildly
impaired), and AD patients. Parkinson disease patients served as
neurodegenerative disease controls. We found that Triton X-100Y
insoluble EAAT2 levels were significantly increased in patients
with AD compared with controls, whereas Triton X-100Yinsoluble
EAAT2 levels in patients with clinical dementia rating of 0.5 were
intermediately elevated between control and AD subjects. Deter-
gent insolubility of presenilin-1, a structurally similar protein, did

not differ among the groups, thus arguing that EAAT2 detergent
insolubility was not caused by nonspecific cellular injury. These
findings demonstrate that detergent-insoluble EAAT2 accumulation
is a progressive biochemical lesion that correlates with cognitive
impairment and neuropathologic changes in AD. These findings
lend further support to the idea that dysregulation of the gluta-
matergic system may play a significant role in AD pathogenesis.

Key Words: Glutamate, Alzheimer disease, EAAT2, Excitotoxicity,
Mild cognitive impairment, Protein aggregation, Oxidative stress,
SLC1A2.

INTRODUCTION
Aberrant glutamate stimulation has been proposed as a

mechanism by which synapses and neurons are injured in
Alzheimer disease (AD) (1). Excitatory amino acid trans-
porter 2 ([EAAT2] also called GLT-1) is the major glutamate
transporter in the forebrain that is responsible for a number
of essential neuroprotective and regulatory functions that
include preventing glutamate-mediated injury to neurons
and synapses and regulating normal synaptic input speci-
ficity (2Y5). Several reports indicate that EAAT2 levels are
significantly reduced in AD (6Y8), thus raising the possibil-
ity that glutamate dyshomeostasis plays a role in AD path-
ogenesis. In addition, EAAT2 is oxidatively damaged by
exposure to amyloid-A (AA) (9Y13). Excitatory amino
acid transporter 2 oxidation impairs glutamate uptake and
promotes the formation of highYmolecular weight EAAT2
oligomers that are insoluble in detergents such as Triton
X-100 (14Y16).

These findings suggest that AD pathogenesis may dis-
rupt EAAT2 via mechanisms that recapitulate those of other
key AD-related molecules, most notably AA, which under-
goes oxidation, misfolding, and aggregation. Although the
studies previously cited establish that EAAT2 is biochemi-
cally and functionally damaged by AA-related processes, the
potential disease relevance of these findings has not been
examined in AD patients. There currently is little evidence
at the protein level on the relationship between aberrant
EAAT2 expression and the degree of cognitive loss and
associated AD pathology. To address this important issue, we
measured Triton X-100Yinsoluble and Triton X-100Ysoluble
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EAAT2 in the hippocampus and frontal cortex of more than
100 clinically and pathologically well-characterized normal
controls, patients with a Clinical Dementia Rating (CDR) of
0.5 (17), and later-stage AD patients.

MATERIALS AND METHODS

Patients
Subjects were from the Alzheimer’s Disease Center,

Oregon Health and Sciences University, and Alzheimer’s Dis-
ease Research Center at the University of Washington (Table).
Control subjects and subjects with a CDR = 0.5 (intended to
approximate mild cognitive impairment) were participants in
brain aging studies at the Oregon Aging/Alzheimer’s Disease
Center. Subjects received annual neurological and neuropsy-
chological evaluation, with CDR assigned by an experienced
clinician. Controls had normal cognitive and functional ex-
aminations. Subjects with a CDR = 0.5 were functionally
intact on enrollment and progressed to a global CDR = 0.5
(no subscores 90.5) at their last evaluation, within a year of
autopsy. The AD subjects were diagnosed by a clinical team
consensus conference, met National Institute for Neurolog-
ical and Communicative Disorders and Stroke-Alzheimer’s
Disease and Related Disorder Association diagnostic cri-
teria for clinical AD, had a CDR of greater than 1.0, and
neuropathologic confirmation at autopsy (after informed con-
sent). Tissue use conformed to institutional review boardY
approved protocols. Neuropathologic assessment conformed
to National Institute on AgingYReagan consensus criteria
(18). The AD group included subjects with probable AD,
moderate-to-frequent neuritic plaques, and Braak stages V to VI
neurofibrillary tangles (NFTs). Controls were clinically non-
demented subjects with sparse or no neuritic plaques and NFTs
less than or equal to Braak stage II. The AD patients and con-
trols with Lewy body disease involving the brainstem (including
substantia nigra), amygdala, middle frontal gyrus, and patients
with vascular brain disease manifested by grossly observed
arterial territorial infarcts, grossly observed lacunar infarcts,
or microvascular infarcts were excluded. Parkinson disease
(PD) patients had the expected clinical signs, symptoms, and
midbrainVbut not cerebral cortexVLewy body pathology.

ELISAs
Brain samples were homogenized, sequentially extracted

in 10 mmol/L Tris, 1 mmol/L ethylene glycol tetraacetic acid,
1 mmol/L dithiothreitol, 10% sucrose, and then extracted 3�
with 1% Triton X-100, as previously described (19). Remaining
detergent-insoluble material was extracted with 70% formic
acid. Formic acid extracts of detergent-insoluble proteins were
resolubilized and adsorbed onto 96-well plates as described
elsewhere (19). The EAAT2/GLT-1 was detected with anti-
bodies AB12 and GLT-1A (20). Presenilin-1 (PS1) was de-
tected with PS1 N-terminal fragment antisera (21). Amyloid-A
was detected with 4G8 (Covance/Signet Laboratories, Dedham,
MA). Total tau was detected using anti-tau antibody (Dako,
Carpinteria, CA). The ELISA plates were developed using
standard methods with horseradish peroxidaseYconjugated
antibodies and tetramethylbenzidine substrate.

Immunohistochemistry and Biochemistry
Standard immunohistochemical methods were used to

evaluate EAAT2 staining in paraffin-embedded postmortem
brain sections. Slides were incubated with AB12 and de-
veloped using 3,3¶-diaminobenzidine (Vector Laboratories,
Burlingame, CA). Double immunostaining labeled EAAT2
(DAB brown chromogen) and either total tau ([Tau-2] Sig-
ma, St Louis, MO) or Ab (4G8) labeled with Vector Red
(Vector Laboratories). Counterstains were omitted in double
label experiments. A Nikon Optiphot-2 microscope/Insight QE
digital camera was used. Image acquisition was performed
using Spot imaging software (Diagnostics Instruments, Ster-
ling Heights, MI) and formatted with Photoshop. For each
experiment, images were acquired and digitally processed un-
der identical conditions. Digital image processing was limited
to linear brightness and contrast adjustments, which were per-
formed identically on experimental and control images.

Mouse brain extracts were solubilized in Laemmli
sample buffer. Total Triton X-100Ysoluble protein concen-
trations were determined by the BCA method (Pierce, Rock-
ford, IL) and Western blotted with AB12 or GLT-1A and
detected using horseradish peroxidaseYconjugated antibodies
and chemiluminescence.

TABLE. Patient Demographic and Pathological Characteristics
Group n M/F Age, years PMI, hours CERAD Score Braak Stage

Hippocampus

AD 22 6:5 84.3 T 2.2 11.4 T 1.4 Frequent (moderateYfrequent) VI (VYVI)

CDR = 0.5 14 7:8 88.9 T 2.2 13.0 T 2.0 Sparse (noneYfrequent) IV (IYVI)

Norm 13 8:5 87.0 T 1.7 9.8 T 1.3 Sparse (noneYsparse) II (IYIII)

PD 4 1:1 81.0 T 5.7 17.8 T 2.2 Sparse (noneYsparse) II (IIYIII)

Frontal cortex

AD 55 6:5 82.7 T 1.3 11.6 T 0.8 Frequent (sparseYfrequent) VI (VYVI)

CDR = 0.5 23 1:1 90.4 T 1.8 12.5 T 1.4 Sparse (noneYfrequent) III (IYVI)

Norm 20 2:3 90.1 T 1.7 11.2 T 1.2 None (nonYsparse) II (IYIII)

PD 4 3:1 84.9 T 3.7 10.5 T 4.3 None (noneYsparse) II (IYIII)

AD, Alzheimer disease; CDR, Clinical Dementia Rating; Norm, normal controls; PD, Parkinson disease; M/F, male-female ratio; Age, age at death; PMI, postmortem interval;
CERAD, Consortium to Establish a Registry for Alzheimer Disease.

Woltjer et al J Neuropathol Exp Neurol � Volume 69, Number 7, July 2010

� 2010 American Association of Neuropathologists, Inc.668

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article/69/7/667/2917172 by guest on 23 April 2024



Copyright @ 2010 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

Liquid Chromatography-Tandem
Mass Spectrometry

Equal amounts of formic acidYextracted protein were
prepared from 5 AD subjects (mean age, 80 years; 3 women
and 2 men; Consortium to Establish a Registry for Alzheimer
Disease [CERAD] neuropsychological battery score, mod-
erate or frequent; Braak stage VI), pooled, dried, dissolved
in bicarbonate buffer, reduced, and treated with iodoaceta-
mide before being subjected to trypsin digestion, as pre-
viously described (22). Eluted peptides were resuspended in
0.1% formic acid, separated by 2-dimensional microcapil-
lary high-performance liquid chromatography, and amino
acid sequences of separated peptides were determined by
tandem mass spectrometry (ThermoFinnigan, San Jose, CA).
Proteins from the mixture were identified automatically using
the SEQUEST program, which searched spectral data against
the International Protein Database. Sensitivity and specificity
of protein identifications were determined by PeptideProphet
and ProteinProphet as previously described (22).

Statistics
Data were analyzed with analysis of variance, Pearson

correlation tests, and Fisher exact tests using SPSS 15.0
(SPSS, Chicago, IL). We predicted that detergent-insoluble
EAAT2 would be highest in later-stage AD cases, lower in
cases with a CDR = 0.5, and lowest in normal controls and PD
patients lacking concurrent AD pathology. To test specifically
this a priori prediction, well-established analysis of variance
trend analyses methods (23, 24) were used with the trend
weights j2, j2, 1, and 3 corresponding to the PD, normal
controls, CDR = 0.5, and AD groups, respectively. In keeping
with accepted methods, these trend weights were selected
because they are orthogonal integers (sum to 0) and represent
the originally predicted relationships among the study groups
(23, 24). Specifically, we predicted that the levels of insoluble
EAAT2 in the PD and normal control groups would be both
comparable to each other and lower than the other 2 groups
(j2, j2 for PD and normal controls, respectively). The
insoluble EAAT2 levels of the CDR = 0.5 group were pre-
dicted to be higher than PD and normal controls but lower
than the AD group, whereas the AD group was expected to
have the highest insoluble EAAT2 levels (+1, +3 for the
CDR = 0.5 and AD groups, respectively). These trend anal-
yses followed only statistically significant omnibus analysis
of variance results. Because this was the only trend predicted
a priori, no other trend analysis was attempted.

RESULTS

Case Material
Among the hippocampal sample AD, CDR = 0.5

(intended to approximate mild cognitive impairment [MCI]),
normal control, and PD subject groups studied, differences in
male-female ratios, postmortem intervals, and ages at death
were not statistically significant (Fisher exact tests [9] =
0.993, F3,49 = 1.770, and F3,49 = 1.149, respectively). Group
differences in CERAD scores and Braak stages were sig-
nificant (Fisher exact tests [9] = 46.385, p G 0.00001; F18 =
71.067, p G 0.00001, respectively). For the frontal cortex

subject sample group, differences in the male-female ratios
and postmortem intervals were not significant (Fisher exact
tests [3] = 2.646 and F3,98 = 0.245, respectively). Ages at
death were statistically significant (F3,98 = 5.708, p G 0.001)
because primarily of the AD patients who tended to die
earlier than other subjects. As expected, CERAD scores and
Braak stages were statistically significant among the groups
(Fisher exact test [9] = 87.238, p G 0.00001; F18 = 115.049,
p G 0.00001, respectively) (Table).

Detection of Detergent-Insoluble EAAT2 in AD
by Mass Spectrometry

To examine whether detergent-insoluble EAAT2 accu-
mulates in AD, we performed mass spectrometry on tryptic
digests of total detergent-insoluble proteins pooled from 5
autopsy-confirmed AD patients. A total of 348 statistically
significant (p G 0.05) sequence-to-spectra matches corre-
sponding to EAAT2 tryptic peptide fragments were identified
(Fig. 1A). These fragments clustered in 6 primary domains
located throughout EAAT2 (Fig. 1B), suggesting that the
entire molecule was represented in the detergent-insoluble
protein fractions.

These data confirm that Triton X-100Yinsoluble EAAT2
is present in the brains of AD patients. Despite the structural
accuracy of liquid chromatography tandem mass spectro-
metry, this approach is not well suited for quantitative com-
parisons between affected and control subjects. To examine

FIGURE 1. Detergent-insoluble excitatory amino acid trans-
porter 2 (EAAT2) is present in Alzheimer disease (AD) frontal
cortex. (A) A total of 348 EAAT2 tryptic fragments identified by
liquid chromatography tandem mass spectrometry performed
on Triton X-100Yinsoluble proteins from 5 AD patient cerebral
cortex samples corresponded to the 24 unique EAAT2 se-
quences shown. (B) The EAAT2 tryptic fragments mapped to
6 primary structural regions indicated by gray highlighting
located throughout the molecule. This EAAT2 model was mod-
ified from x-ray crystal structure results of Yernool et al (25).
The primary transmembrane domains are indicated (IYVIII).
Hairpin structures denoted as HP1 and HP2 form the glutamate-
binding/gating domain.
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FIGURE 2. Specificity of excitatory amino acid transporter 2 (EAAT2) detection. Two different anti-EAAT2 antibodies (AB12 and
GLT-1A that recognize the N- and C-terminal, respectively) were used. Pan-specific AB12 recognizes all EAAT2/GLT-1 isoforms;
GLT-1A recognizes EAAT2a/GLT-1a, the most abundant EAAT2 isoform in cortex and hippocampus. Using brain tissue from GLT-1
wild-type (WT) and knockout (KO) mouse ELISAs (A), immunohistochemistry in cortex (B) and Western blots (C) prove the
specificity of EAAT2/GLT-1 detection. The EAAT2/GLT-1 is a homotrimer that resolves as monomers (m), dimers (d), and apparent
trimers (t) with approximate molecular weights of 70 kd, 150 kd, and more than 200 kd, respectively. Error bars in (A) indicate SEM
of WT and KO brain tissue samples measured in triplicate.

FIGURE 3. Detergent-insoluble excitatory amino acid transporter 2 (EAAT2) levels were increased in hippocampi of patients with
Alzheimer disease (AD) pathology. (A) Total Triton X-100Yinsoluble proteins from Parkinson disease (PD, n = 4), normal control
(Norm, n = 13), mild cognitive impairment (n = 14), and later-stage AD (n = 22) patients were solubilized with formic acid and
analyzed by AB12 ELISAs to quantify detergent-insoluble EAAT2 levels. (B) Total Triton X-100Yinsoluble EAAT2 levels were mea-
sured by GLT-1A ELISAs as in (A). (C) Scatter plot shows a correlation between insoluble EAAT2 levels measured by AB12 and GLT-
1A ELISAs for all subjects (n = 53). The p value indicates statistical significance determined by Pearson correlation. (D) Total Triton
X-100Yinsoluble levels of presenilin-1 (PS1) were measured in the same samples as shown in (A and B). (E, F) Triton X-100Ysoluble
EAAT2 levels from same samples as in (A, B, and D) were measured by AB12 and GLT-1A ELISAs, respectively. The p values
(A, B, DYF) indicate results of overall single-factor analysis of variance. CDR, Clinical Dementia Rating; n.s., not significant.
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whether EAAT2 detergent insolubility is elevated in AD, we
developed 2 independent EAAT2 ELISAs. This approach
was adopted to facilitate quantification of the relatively large
number of samples to be tested (102 cortex and 53 hippocam-
pus samples were measured in triplicate).

Specificity of EAAT2 Detection
The AB12 is a polyclonal antibody that recognizes an

amino-terminus epitope common to all EAAT2/GLT-1 iso-
forms; GLT-1A is a polyclonal antibody that recognizes the
C-terminal domain of the dominant EAAT2 isoform ex-
pressed in the brain (20). These antibodies were tested under
a variety of conditions using brain tissue from GLT-1 wild-
type and GLT-1 knockout (KO) mice. Figure 2 shows that
AB12 and GLT-1A selectively recognized EAAT2/GLT-1 by
ELISA (Fig. 2A). In addition, we verified that EAAT2/GLT-1
levels measured by these ELISAs increased as a linear func-
tion of protein assayed (linear regression for AB12 ELISA:
r2 = 0.8799, F1,23 = 168.6, p G 0.0001; GLT-1A ELISA:
r2 = 0.9567, F1,23 = 507.8, p G 0.00001). The AB12 and GLT-

1A also detected GLT-1 by immunohistochemistry (Fig. 2B)
and recognized Triton X-100Ysoluble GLT-1 via Western
blots (Fig. 2C) from GLT-1 wild-type, but not GLT-1 KO,
mice. These data prove that AB12 and GLT-1A specifically
recognize EAAT2.

Detergent-Insoluble EAAT2 Aberrantly
Accumulates in AD

Frontal cortex and hippocampus tissue samples were
serially extracted �3 with Triton X-100 to remove detergent-
soluble proteins, and residual detergent-insoluble proteins
were then solubilized with formic acid. Neutralized formic
acidYextracted proteins and the first Triton X-100Ysoluble
fraction were analyzed by ELISAs to determine the relative
levels of detergent-insoluble and detergent-soluble EAAT2.

In hippocampus samples, detergent-insoluble EAAT2
levels were elevated in AD patients compared with normal
controls and PD patients, whereas detergent-insoluble EAAT2
levels in CDR = 0.5 patients were intermediately elevated
between the controls and later-stage AD patients (Figs. 3A, B).

FIGURE 4. Detergent-insoluble excitatory amino acid transporter 2 (EAAT2) levels were increased in the frontal cortex of patients
with Alzheimer disease (AD) pathology. (A) Total Triton X-100Yinsoluble proteins from Parkinson disease (PD, n = 4), normal
control (Norm, n = 20), mild cognitive impairment (n = 23), and later-stage AD (n = 55) patients were solubilized with formic acid
and analyzed by AB12 ELISA to quantify detergent-insoluble EAAT2 levels. (B) Total Triton X-100Yinsoluble EAAT2 levels were
measured by GLT-1A ELISAs as in (A). (C) Scatter plot shows a correlation between insoluble EAAT2 levels measured by AB12 and
GLT-1A ELISAs for all subjects (n = 102). The p value indicates statistical significance determined by Pearson correlation. (D) Total
Triton X-100Yinsoluble levels of presenilin-1 (PS1) were measured in the same samples as shown (A and B). (E, F) Triton X-
100Ysoluble EAAT2 levels from the same samples as in (A, B, and D) were measured by AB12 and GLT-1A ELISAs, respectively. The
p values in (A, B, DYF) indicate results of overall single-factor analysis of variance. CDR, Clinical Dementia Rating; n.s., not
significant.

J Neuropathol Exp Neurol � Volume 69, Number 7, July 2010 EAAT2 Aberrantly Accumulates in MCI and AD

� 2010 American Association of Neuropathologists, Inc. 671

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article/69/7/667/2917172 by guest on 23 April 2024



Copyright @ 2010 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

Woltjer et al J Neuropathol Exp Neurol � Volume 69, Number 7, July 2010

� 2010 American Association of Neuropathologists, Inc.672

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article/69/7/667/2917172 by guest on 23 April 2024



Copyright @ 2010 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

These differences in detergent-insoluble EAAT2 levels among
groups detected either with AB12 or GLT-1A ELISA were
statistically significant (F3,49 = 7.107, p G 0.0005; F3,49 = 6.733,
p G 0.0007, respectively). These data suggest that EAAT2
becomes increasingly detergent-insoluble as AD-related path-
ology progresses from the less demented state to CDR = 0.5,
and then becomes most pronounced by later-stage AD. A
contrast analysis tested the prediction that detergent-insoluble
EAAT2 levels followed a statistically significant trend where
normal = PD G CDR = 0.5 G AD (AB12 t49 = 3.685, p G 0.001;
GLT-1A t49 = 3.353, p G 0.002). The scatter plot in Figure 3C
shows that detergent-insoluble EAAT2 levels in hippocampus
measured by AB12 and GLT-1A ELISAs were positively
correlated (r = 0.820, n = 53, p G 0.01), thereby confirming the
close correspondence between 2 independent assays that
shows that EAAT2 detergent insolubility increases as AD
pathology increases.

In marked contrast to these findings, Triton X-100Y
insoluble PS1 levels (Fig. 3D) in the same samples did not
differ among groups (F3,49 = 2.141, not significant [n.s.]).
Presenilin-1 was chosen for comparison because it is local-
ized prominently in astrocytes (26) that express approxi-
mately 80% of the EAAT2 in hippocampus and because
overall PS1 expression levels are not affected by AD (27).
These data argue that the detergent insolubility displayed
by EAAT2 was not the result of generalized nonspecific
cellular injury. Moreover, PS1 is structurally similar to
EAAT2. Each molecule has 8 hydrophobic membrane-
spanning domains with the N- and C-terminal domains
localized intracellularly (27). Thus, the detergent insolubil-
ity profiles of EAAT2 obtained from the identical samples
are unlikely to have arisen by nonspecific protein-protein
interactions that might have occurred during the extraction
process.

We also examined detergent-soluble EAAT2 levels in
the same hippocampal samples (Figs. 3E, F). In contrast to
the significant trend of increasing EAAT2 detergent insol-
ubility, there was a statistically significant difference among
groups in detergent-soluble EAAT2 levels detected by AB12
ELISAs (F3,49 = 3.237, p G 0.030); detergent-soluble EAAT2
levels seemed to decrease with increasing AD pathology.
Differences in detergent-soluble EAAT2 levels detected by
GLT-1A ELISAs were not statistically significant (F3,49 =
2.468, n.s.).

Because detergent-soluble EAAT2 levels were com-
paratively low in AD patients compared with normal controls

whereas the detergent-insoluble EAAT2 levels were markedly
elevated in the same samples, it is highly unlikely that the
increased detergent-insoluble EAAT2 measured in AD patients
could have been caused by incomplete extraction of Triton X-
100Ysoluble EAAT2 or that this reflects nonspecific EAAT2
associations with detergent-insoluble amyloid plaques or
NFTs. This conclusion was further supported by the findings
that detergent-soluble EAAT2 levels were not significantly
correlated with detergent-insoluble AA levels measured by 4G8
ELISAs (AB12 vs AA: r = j0.167, n = 53, n.s.; GLT-1A vs
AA: r = j0.162, n = 53, n.s.). Similarly, detergent-soluble
EAAT2 levels were not correlated with insoluble tau levels
measured by tau-2 ELISAs (AB12 vs tau: r = j0.141, n = 53,
n.s.; GLT-1A vs tau: r = j0.131, n = 53, n.s.). These find-
ings argue against the possibility of nonaggregating EAAT2
in the lysates nonspecifically associated with the insoluble AA
or insoluble tau.

As in the hippocampi, Triton X-100Yinsoluble EAAT2
levels were markedly elevated in AD frontal cortex compared
with PD and normal control subjects (Figs. 4A, B). Detergent-
insoluble EAAT2 levels measured by GLT-1A ELISAs in
CDR = 0.5 subjects again fell between controls and AD levels
(Fig. 4B), whereas increased detergent-insoluble EAAT2
levels measured by AB12 ELISAs in CDR = 0.5 cortex were
less pronounced (Fig. 4A). These differences in detergent-
insoluble EAAT2 levels among groups were significant
(AB12 ELISA: F3,98 = 8.743, p G 0.00003; GLT-1A ELISA:
F3,98 = 13.375, p G 0.00001). Detergent-insoluble EAAT2
levels in frontal cortex (Figs. 4A, B) followed the predicted
trend: controls = PD G CDR = 0.5 G AD, confirmed by stat-
istically significant contrast test outcomes for both AB12
and GLT-1A ELISAs (t98 = 3.100, p G 0.002; t98 = 4.087,
p G 0.0001, respectively). Figure 4C shows a significant po-
sitive correlation between detergent-insoluble EAAT2 levels
measured using AB12 versus GLT-1A (r = 0.801, n = 102,
p G 0.01). Triton X-100Yinsoluble PS1 levels in frontal cortex
(Fig. 4D) did not significantly differ among groups (F3,98 =
1.651, n.s.). In contrast to hippocampus (Figs. 3E, F), deter-
gent-soluble EAAT2 expression levels in the frontal cortex of
normal controls, CDR = 0.5, and AD patients (Figs. 4E, F)
were similar (AB12 ELISA: F3,98 = 3.669, p G 0.015; GLT-
1A ELISA: F3,98 = 1.330, n.s.). Again, detergent-soluble
EAAT2 levels in the frontal cortex did not correlate with the
levels of detergent-insoluble AA or tau measured in the same
samples (AB12 vs AA: r = j0.160, n = 102, n.s.; GLT-1A
vs AA: r = j0.008, n = 102, n.s.; AB12 vs tau: r = j0.105,

FIGURE 5. Excitatory amino acid transporter 2 (EAAT2) immunohistochemistry (IHC) in Alzheimer disease (AD) and normal con-
trols. (A) EAAT2 IHC using AB12 (brown) in AD frontal cortex reveals an irregular patchy astrocyte-like expression pattern that does
not correspond with senile plaques immunostained red with the antiYamyloid-A (AA) monoclonal antibody 4G8. (B) Higher
magnification of the boxed region in (A) highlights the lack of correspondence between EAAT2 immunoreactivity and AA deposits.
Some plaques appeared to be surrounded by EAAT2 immunoreactivity, whereas other plaques were localized in EAAT2 immuno-
negative domains. (C, D) The EAAT2 was immunostained with AB12 (brown) in the hippocampal CA1 region of an AD (C) and a
normal control (Norm [D]). The EAAT2 expression was primarily densely stained perisynaptic and extrasynaptic EAAT2Ypositive
puncta in the neuropil. (E) Apparent astrocyte immunostained with AB12 in AD frontal cortex where proximal and distal glial
processes and the cell body display EAAT2 immunoreactivity. Prominent EAAT2 immunostaining in astrocyte-like cell bodies was
more readily detected in AD than in controls. (F) The AB12-immunostained apparent astrocytes in normal control revealed
abundant EAAT2 immunoreactivity in proximal and distal processes, with less prominent cell body staining.
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n = 102, n.s.; GLT-1A vs tau: r = j0.049, n = 102, n.s.),
thus arguing against the possibility that incomplete extrac-
tion or nonspecific EAAT2 protein-protein interactions oc-
curred during tissue processing.

EAAT2 Localization Appears Comparatively
Normal in AD

In normal brain tissue, EAAT2 is localized primarily,
but not exclusively, in fine astrocytic processes that densely
ramify throughout perisynaptic and extrasynaptic domains
(28, 29). We performed immunohistochemistry to determine
whether aberrant EAAT2 expression was localized near amy-
loid plaques, in association with NFTs, or aberrantly accu-
mulated in neuronal or astrocytic cell bodies.

Double label immunostaining failed to reveal a consis-
tent morphological association between EAAT2 expression
and AA deposits in AD, which argues against the idea that
EAAT2 accumulated in association with senile plaques
in vivo (Figs. 5A, B). In keeping with the predominantly
astrocytic expression pattern characteristic of EAAT2, we
found a paucity of EAAT2 immunoreactivity in neuronal cell
bodies and dendritic processes in both AD and normal control
brains (Figs. 5C, D). The primary morphologically neuron-
like EAAT2 expression pattern observed was that associated
with apparent neurofibrillary ghost tangles in AD subjects that
immunostained weakly for EAAT2 (not shown). Thus, we
found limited evidence that EAAT2 was prominently associ-
ated with NFTs, a finding consistent with the fact that NFTs
are localized primarily in neurons but not in astrocytes in
AD (30).

Close inspection of EAAT2 immunostaining revealed
that EAAT2 was expressed in distal processes and to a lesser
extent in cell bodies, both in AD and control brains. None-
theless, astrocytes with prominent cell body EAAT2 immu-
nostaining were more readily identified in AD frontal cortex
than in normal control cortex (Figs. 5E, F). Despite this
potentially interesting nonquantitative distinction between
AD and control subjects, the overall immunohistochemical
findings suggested that EAAT2 localization was not dra-
matically altered in AD patients compared with controls.

DISCUSSION

Aberrant EAAT2 Detergent Insolubility
Is a Novel Biochemical Lesion in AD

Using 2 independent ELISA systems to measure
detergent-insoluble EAAT2, along with corroborating mass
spectrometry, we found that detergent-insoluble EAAT2
is aberrantly elevated in AD patient brains compared with
controls and intermediately elevated in mildly impaired
CDR = 0.5 patients with autopsy-confirmed early AD neu-
ropathology. These data argue that EAAT2 detergent insol-
ubility represents a progressive biochemical lesion of AD.
The findings further suggest that EAAT2 belongs to a class
of specific proteins (AA and tau being the best-characterized
examples) that displays altered detergent solubility in AD,
whereas other proteins (31) (including PS1) do not. Our find-
ings are in keeping with previous work showing that glial

fibrillary acidic protein becomes increasingly detergent insol-
uble in AD (31). Taken together, these findings support the
idea that detergent insolubility is an aspect of the disease pro-
cess not restricted to selective neuronal molecules, but also
includes specific astrocytic proteins.

In contrast to detergent-insoluble EAAT2, detergent-
soluble EAAT2 levels were reduced in AD patients compared
with normal controls. These data are in keeping with previous
human studies (6Y8) and in findings from 2 AD mouse models
(32, 33). Protein detergent insolubility does not seem to be
recapitulated in AD mouse models (data not shown). Thus,
although it is currently not possible to examine detergent in-
solubility in mice, the effects of AD-related pathology on
soluble EAAT2/GLT-1 expression in AD patients and trans-
genic mice are nonetheless mutually supportive.

Our findings cannot address the mechanisms by which
detergent-insoluble EAAT2 accumulates in AD. A poten-
tially important insight comes from data showing that gluta-
mate transporters are sensitive to biological conditions that
promote reactive oxygen species (16, 34), and, significantly,
oxidative stress is an early and persistent feature of AD (35).
Posttranslational oxidative EAAT2 modifications inhibit
glutamate uptake (16) and promote formation of detergent-
insoluble highYmolecular weight multimers (34). This cor-
respondence between detergent insolubility and reduced uptake
suggests the possibility that increased levels of detergent-
insoluble EAAT2 observed in AD brain tissue may reflect
increasing EAAT2 dysfunction. This idea is consistent with
data showing that AA generates oxidative radicals that impair
glutamate uptake (36, 37). In addition, AA impairs glutamate
uptake in synaptosomes (9Y13, 49).

Until recently, EAAT2 had been widely accepted as an
astrocyte-specific glutamate transporter, but it is now clear
that EAAT2 is also expressed by neurons (38). Such findings,
in conjunction with a report that EAAT2 is sporadically ex-
pressed in tau-positive cortical and hippocampal neurons of
some AD patients (39), raised the question as to whether in-
creased AD-related detergent-insoluble EAAT2 reflects aber-
rant EAAT2 expression in neurons. We did observe EAAT2
immunoreactivity associated with apparent ghost tangles
(neurofibrillary remnants of dead neurons), but the absence
of EAAT2 perikaryon immunoreactivity in either AD or
normal control patients was much more striking. These
findings suggest that EAAT2 does not markedly accumulate
in somal or proximal dendritic regions of neurons in AD.
It seems more likely that detergent-insoluble EAAT2 com-
plexes accumulate in fine perisynaptic distal astrocytic pro-
cesses where most of EAAT2 is normally localized (28),
but which are difficult to investigate by light microscopy.
Our human postmortem specimens are not suitable for the
electron microscopic approaches required to address this
issue in a quantitative manner.

EAATs Regulate Multiple Critical
Neuroprotective Functions in the Brain
and Are Disturbed in AD

A family of 5 Na+-dependent high-affinity glutamate
transporters (referred to as EAAT1Y5, also known as GLAST,
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GLT-1, EAAC1, EAAT4, and EAAT5, respectively) carries out
the critical task of clearing glutamate, primarily into astro-
cytes, thereby maintaining glutamate at basal extracellular
concentrations that recently have been estimated to be in the
low nanomolar range (40). The importance of rapid clearing
extracellular glutamate is illustrated by the consequences of
injecting potent glutamate transport blockers in mice that
die quickly of apparent acute glutamate toxicity (41). The
EAAT1, EAAT2, and neuron-specific EAAT3 are the pri-
mary glutamate transporters in the hippocampus and cor-
tex; EAAT4 is expressed primarily in the cerebellum; and
EAAT5 is expressed mostly in the retina (42). Of these trans-
porters, EAAT2 is responsible for most glutamate clearance
in the forebrain and accounts for approximately 80% of the
glutamate transporters in the hippocampus (28, 29). The dis-
proportionate expression of EAAT2 compared with other
glutamate transporter subtypes is reflected by the dramatic
phenotype of GLT-1 KO mice, which die shortly after birth
because of seizures (2). The phenotypes of EAAT1/GLAST
KO and EAAT3/EAAC1 KO mice are subtler. The EAAT1/
GLAST KO mice develop normally but display defects in
motor coordination related to cerebellar function (43). The
EAAT3/EAAC1 KO mice also breed normally but develop
age-related neuronal loss (44). Nonetheless, both EAAT1
and EAAT3 expressions are disturbed in AD (6, 44Y46).
Thus, in addition to EAAT2, multiple members of the Na+-
dependent glutamate transporter family may contribute to
AD-related pathogenic processes.

In addition to the critical role EAAT2 plays in
preventing excitotoxicity (2), EAAT2 regulates stimulus-
specific synaptic plasticity (5). The loss of EAAT2 has also
been shown to impair activity-dependent glucose utiliza-
tion (47). Impaired EAAT2 functions, even if initially latent
or mild, may synergistically combine to promote increas-
ingly pathogenic cycles of CNS dysfunction over time. In
this regard, memantine, a drug hypothesized to temper ex-
cessive NMDA receptor activation, has efficacy in treating
AD (48). Such findings lend additional credence to the no-
tion that disturbed glutamatergic signaling may have a sig-
nificant role in AD pathogenesis. Our present findings offer
further evidence that glutamate-related dysfunction may
be an important feature of AD pathology and suggest the
possibility that strategies aimed at enhancing the natural
neuroprotective properties of astrocytes may open new ther-
apeutic opportunities to treat AD.
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