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Glutamate Transporter Alterations in Alzheimer Disease Are Possibly Associated with
Abnormal APP Expression

SHt L1, PHD, MARGARET MALLORY, BS, MICHAEL ALFORD, BA, SEIGO TANAKA, PHD, anp ELIEZER MASLIAH, MD

Abstract. Recent studies have shown that deficient functioning of glutamate transporters {GTs) in Alzheimer disease (AD)
might lead to neurodegeneration. The main objectives of the present study were to determine which GT subtype is most
affected in AD and to asses to what extent altered GT funclion is pssociated with abnormal amyloid precursor protein (APP)
expression. While EAAT2-immunoreactivity {IR) was decreased in AD frontal cortex, EAAT!- and EAAT3-IR were unaf-
fected; mRNA levels for all 3 GTs were not affected. Decreased EAAT2-IR was associated with decreased GT activity,
EAATZ-IR inversely comrelated with EAAT2 mRMA levels, suggesting that in AD. GT expression altcrations occur due to
disturbance at the post-lranscriptional level. EAAT2-IR was inversely correlated with APP770 mRNA. In addition, GT activity
directly correlated with APP695 mRNA and total APP protein levels, and inversely correlated with APE751/770 mRNA
levels. This study supports the notion that astroglial EAATZ is affected in AD and abnormal functioning andfor processing

of APP might play an important role in this process.
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INTRODUCTION

Glutamate is the predominant excitatory neurotrans-
mitter in the mammalian central nervous system {CNS)
(1). Glutamate is normally cleared from the synaptic cleft
by high-affinity, Na*-dependent uptake transporters lo-
cated in both neurons and glia (1-3). Recently, at least 4
high-affinity, Na*-dependent uptake carriers of asparta-
te/glutamate (also known as glutamate transporters
[GTs]) have been cloned: (a) EAAT1 (or GLAST) (4),
{b) EAAT?Z {or GLT-1) (5), EAAT3 (or EAAC1) (6), and
the cerebellar transporter EAAT4 (7). These transporters
exhibit 39 to 55% sequence homology with each other
(7). EAAT] is localized in subsets of neurons and glial
cells (8), EAAT?2 is specifically located in astrocytes, and
EAAT3 has a neuronal localization that includes nonglu-
taminergic neurons. GGlutamate transporters are also
thought to be critical in preventing excessive extracellular
accumulation of this potentially neurotoxic chemical
(1-3, 9). Several lines of evidence suggest that inefficient
glutamate transport leads to accumulation of excessive
neucotransmitier in the synapse, resulting in subsequent
neurotoxicity. Experimentally induced pharmacological
or molecular blockade of GTs causes neuronal death in
both acute and chronic models (9, 10} Furthermore, in
amyotrophic lateral sclerosis (ALS) there is selective loss
of the glial GT (type EAAT2) (11} in the motor cortex.
In Alzheimer disease (AD), the high affinity glutamate/
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aspartate uptake system is 40 to 50% decreased in the
frontal, parietal and temporal cortex (12-14). In addition,
recent studies have shown that in AD, increased levels
of brain spectrin degradation products (marker of calpain
I activation and excitotoxicily) were correlated with a de-
crease in the levels of D- and L- [’H]aspartate binding
(marker of GT activity) and decreased levels of synap-
tophysin immunoreactivity (SYN-IR) (general presynap-
tic terminal marker) (15). Furthermore, the levels of
L-[*H]aspartate uptake were directly correlated with
SYN-IR and inversely correlated with the Blessed score.
Taken together, these results suggest that decreased activ-
ity of the glutamate transporters in AD is associated with
increased excitotoxicity and neurodegeneration, and sup-
ports the possibility that abnormal functioning of this sys-
tem might be involved in the pathogenesis of the synaptic
damage in AD (13).

The factors involved in regulating the function of the
GT that might be affected in AD are not clearly known
yet; forthermore, it is also not clear which GT is more
selectively affected. Previous studies have shown that
amyloid precursor protein (APP) protects against exci-
totoxicity (16—18). It has been postulated that secreted
APP (sAPP) might prevent the toxicity associated with
stimulation of glutamate receptors by stabilizing intra-
cellular Ca?* levels (16, 19, 20) through a mechanism
that involves activation of K+ channels (21). More re-
cently, studies in transgenic mice have shown that AFP
overexpression might protect against excitotoxicity by
enhancing GT functioning (22). Therefore, abnormal
functioning of sAPP may be involved in the mechanisms
of synaptic damage in AD by failing to promote or main-
tain the normal levels of glutamate at the synaptic cleft
{15). In this context, the main objectives of the present
study were to (a) determine which GT is more specifi-
cally affected in AD, and (b) assess to what extent altered
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TABLE 1
Summary of Clinical, Pathclogical and Neurochemical Findings
Midfrontal
Midfrontal neuritic Midfrontal Blessed
Group n Age PMT total plaques plagues tangles score L-aspartate D-aspartate
Control 4 7656 5*2 0 (¥ 0 0 2622 £ 1721 2860 * 415
Alzheimer
disease 12 79625 8+4 424 + 3,8% 3138 +45% 258 + 1.04% 189 = 3.7* 1693 * 252* 1740 * 19*

*p <2 0.05 (Student's t-test, unpaired, two-tailed). ** p < 0.01 (Student’s (-lest, unpaired, two-tailed).

GT function is associated with abnormal APP expression.
For this purpose, levels of 3 different GTs at the mRNA,
protein and activity levels were measured in the frontal
cortex of AD cases and correlated with neuropathological
and clinical markers of the disease, as well as with levels
of APP.

MATERIALS AND METHODS
Samples and Neuropatholegical Assessment

Sixteen autopsy cases from the Alzheimer Disease Research
Center at the University of California, San Diego, were includ-
ed for the present analysis. Table | summarizes the clinical and
neuropathological characteristics of the cases included for this
study. In all cases detailed neurcpathological and clinical data
was available and tissue available for examination showed a
good RNA preservation (23). Furthermore, in all of these cases
material was available for immunccytochemical and Western
blot analysis and D- and L- [*H]aspartate upiake. Twelve of the
cases had clinical histories of AD, confirmed at autopsy. The
average age af the AD cases was 79.6 * 2.5 years, with a
postmortem delay of 8 = 4 hours {h). Two of these cases died
of pneumonia, 4 died of myocardial infarction, and 6 died of
cardiorespiratory arrest. The 4 control cases were clinically and
histopathologically free of neurological disease. The average
age of this control group was 76.5 + 6 years with a postmortem
delay of 5 = 2 h. The causes of death in these cases were
pneumonia, lung cancer, emphysema, and cardiac arrest. As we
have previously shown, these perimortem conditions did not
significantly alter the quality of the RNA obtained (23). Blocks
from the frontal cortex and posterior hippocampus were fixed
in 2% buffered paraformaldehyde for 72 h at 4°C and serially
sectioned at 40 pm with the Vibratome 2000 (Technical Prod-
ucts International, Inc., St. Louis, MO). Paraffin sections from
cortical and subcortical regions were stained with hematoxylin
and ecosin, Thioflavine-S and Cresyl violet for routine histo-
pathological examination and morphometric analysis, as pre-
viously described (24).

Generation of Riboprobes for Glutamate Transporters

DNA templates for GT ribeprobes were gencrated from total
RNA extracted from human mid-frontal cortex by reverse tran-
scriptase polymerase chain reaction (RT-PCR). Cyclophilin
template was obtained from Ambion (Austin, TX). Reverse
transcriptase reactions were performed in 20 pl 1 X first strand
buffer (Life Technologies, Inc.) with 3 pg RNA, 250 ng random
hexamers, 0.5 mM ANTP mix, 20 unit RNasin, 10 mM DTT
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and 100 units of Malony murine leukemia virus reverse tran-
scriptase (Life Technologies, Inc.). The reaction mixtures were
incubated sequentially at room temperature (10 min), 37°C (30
min) and 95°C (5 min). For PCR, 30 cycles of denaturation (45
seconds, 94°C), annealing (I min, 48°C), and extension (1 min,
72°C) were performed in 50 pl reactions that contained 0.5 pM
of each primer, 2 pl of RT reaction, 200 pM dNTP mix, 2.5
units of Tag and 1 X PCR buffer (Boehringer-Mannheim, In-
dianapolis, IN). Three pairs of oligonucleotide primers (23 to
28 mers) complementary to human GT genes were used to am-
plify DINA templates complementary to the following sequenc-
es (GenBank accession numbers in parenthesis): nucleotides
1544-1661 (U03504) of EAATI1:; nucleotides 1644-1872
{U01824) of EAATZ; and nucleotides 1577-1740 (U0898%) of
EAAT3. Each primer contained EcoRI or BamHI restriction site
at 5’ for amplification product cloning in pGEM-7zf (Promega}.

¥P-labeled antisense riboprobes were generated from linear-
ized plasmids with SP6 Riboprabe® in vitro transcription sys-
tem (Promega). Certain probes were labeled to lower specific
activities due to relative abundance. On average, the specific
activities were as follows: EAATI (1.3 X 108 cpm/pg), EAAT2
(6.6 x 107 cpm/pg), EAAT3 (4.5 ¥ 108 cpm/pg), and cyclo-
philin (4.0 X 107 cpm/pg).

Glutamate Transporter RNA Analysis and
Phospharlmager Quantitation

Total RNA was isolated from snap-frozen tissues using Ul-
traspec® RINA Isolation Systemn (Biotex Laboratories, Inc.). The
quality of RNA from human postmortem tissues was assessed
by electrophoresis on agarose/formaldehyde gels, Northern
blotting, and densitometric comparisons of 285 and 18S ribo-
somal RNA bands (23). Levels of specific RNAs were deter-
mined using the RPA assay as described (23), with 5 to 30 pg
total RNA. Some reactions were performed under longer di-
gestion time and/or more RNase T2, Samples were separated
on 5% acrylamide/8 M urea TBE gels and dried gels were
exposed to Kodak XAR flm (Eastman Kodak Co.). The data
for each sample were repeated at least once. Probe-specific sig-
nals were quantitated using Phosphorlmager SF and Image-
Quant software (Molecular Dynamics, Sunnyvale, CA). The cy-
clophilin signal was used as internal standard to correct for
loading differences. For comparisons of signals representing
distinct probes, readings were corrected for the differences of
specific activities and the number of cytosine nucleotides con-
tained in each fragment,
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Levels and Alternative Splicing of APP Transcripts by
RT-PCR

The propoxtion of APPG95, 751 and 770 mRNAs in the fron-
tal cortex of control and AD cases was datermined by RT-PCR,
As for the RPA, special attention was paid to verify RNA qual-
ity. Total RNA (500 ng), suspended in 12 wl DEPC-treated
water with 15 pmol RT primer, was heated at 65°C for 15 min
and immediately cooled on ice. To this solution a mixture of 4
pl of 5X first strand buffer (250 mM Tris-HCI [pH 8.3], 375
mM KCl, and 15 mM MgCl,) was added, 1 pl of 10 mM each
dNTP mixture, 2 pl of 0,1 M dithiothreitol, and 1 gl (200 units)
of moloney murine leukemia virus (M-MLV) reverse transcrip-
tase (Bethesda Research Laboratories). This reaction mixture
was incubated at 42°C for 1 h to synthesize complementary
DNA (cDNA).

The 20 pmol of forward primer for PCR was incubated at
37°C for 10 min with 40 units of T4 polynucleotide kinase
(BRL) in 100 .l of the reaction mixture (70 mM Tris-HCI [pH
7.6], 10mM MgCl,, 100 mM KCl, and 1 mM 2-mercaptoethancl)
containing 10 pl (33.3 pmol) of [v-2PJATP (10 pCi/pl, 3000
Ci/mmol). PCR amplification was performed with 1.5 units of
Tag polymerase (Bethesda Research) in 50 pl of 1X PCR buffer
(20 mM Tris-HC! [pH 8.4], 50 mM KCI), containing 0.2 mM
each dNTP mixture, 1.5 mM MgCl,, 15 pmol each of forward
and reverse primers, and 1 pmol of ¥*P-labeled forward primer.

Sequence of the RT primer was TTGGCTGCTTCCTG-
TTCCA complementary to the sequence 1118-1100 of APP695
c¢DNA; that of the forward primer for PCR was GCCAAA-
GAGACATGCAG corresponding lo sequence 460-476; and
that of the reverse primer was TCTCCTGGAAATGCTGG
complementary to the sequence 1071-1087. The thertnal cycle
profile was as follows: (a) denaturation at 94°C for 30 sec, (b)
annealing at 47°C for 1 min, and (b) extension at 72°C for 40
sec. The amplification was done for various cycle numbers (19,
21, 23, 25, 27 and 29).

Ten pl of each PCR reaction mixture was electrophoresed in
3.5% polyacrylamide gel. Gels were dried and autoradio-
graphed. Dried gels were also scanned by Phosphorlmager
{Molecular Dynamnics) and quantitative analysis was carried out
using ImageQuant (Molecular Dynamics).

Antibodies

The polyclonal antibodies against GTs were generated at Re-
search Genetics Inc. (Huntsville, AL} with synthetic peptides
corresponding to the C-terminal region of the EAAT1, EAAT2
and EAAT3 proteins. An N-terminal lysine was added to the
peptides to facilitate coupling 1o the carmrier. The sequences of
the peptides selected to generate the antibodies were based on
work previously published by Rothstein et al (8), The crude
antisera were generated against KLH-conjugated synthetic pep-
tides in rabbits and affinity purified. The mouse monoclonal
antibody against APP (8E5, courtesy of Athena Neurosciences
Inc., San Francisco, CA) was used for Western blot analyses,
as previously described (17, 18). This antibody was gencrated
with APP residues 444-592 and specifically recognizes human
APP In addition, mouse monoclonal antibodies against the syn-
aptic marker-5YN (8Y38, Boehringer-Mannheim, Indianapolis,
IN) (25,26), amyloid B/A4 {clone 3D6, generated with amyloid
peptide 1-6, Athena Neurosciences Inc., San Francisco, CA),

and the astroglial macker-glial fibrillary acidic protein (GFAP,
Boehringer) were used for double-immunocytochemical analy-
ses,

Determination of GT and Human APP (hAPF) IR Levsls
by Western Blot

Western blat analysis was performed as previously described
to estimate the Jevels of EAATI- EAAT2-, EAAT3- and hAPP-
IR, For GTs the rabbit polyclonal antisera (0.25 pg/ml) gener-
ated with synthetic peptides was used; for confirmation of levels
of hAPP-IR the mouse monoclonal antibody 8E5 (0.1 pg/ml)
(17) was used,

Aliquots from the neocortical brain homogenates were sep-
arated into cytosolic and particulate fractions as previously de-
scribed (27, 28). To assure equal loading, the protein content
of all samples was determined by Lowry assay (29) and ad-
justed with homogenization buffer to 1.25 mg/ml; 40 pg of
brain protein were loaded per lane. Briefly (27), samples from
the particulate fractions were loaded into 10% SDS-polyacryl-
amide gels, electrophoresed and blotted onto nitrocellulose pa-
per. Control and AD samples from all 16 cases were run in the
same gel to assure reproducibility of results. Blots were incu-
bated with blocking solution followed by the anti-primary an-
tibody. Radio-iodinated protein A (ICN, Irvine, CA) bound to
secondary antibodies (for primary mouse monoclonal) were de-
tected using a Phosphorlmager SF (Molecular Dynamics). Sig-
nals were quantified by integrating pixel intensities over defined
volumes using the ImageQuant software (27). Since previous
studies have shown (30) that for APP the triplet band at an
estimated MW of 110-120 kDa might not necessarily corre-
spond to the 3 major transcripts, but rather to post-transcrip-
tional modifications, we did not attempt to quantify each indi-
vidual band using the ImageQuamt software. Instead, we
estimated the levels of IR of the triplet as a whole. Determi-
nations of APP transcript levels were done by RT-PCR, as de-
seribed in the previous section. Control experiments were per-
formed by incubating similar blots containing homogenates
from control and AD cases with preimmune sera or with the
antibody preadsorbed with 20-fold excess of the correspending
specific peptide.

Evaluation of Expression Levels and Distribution of GT
by Immunocytochemistry

Analysis of the patterns of immunolabeling and distribution
of GTs in AD and control brains was carried out by immuno-
staining vibratomed sections, as previously described (31}, with
rabbit polyclonal antibodies against GTs—EAAT], EAAT2 and
EAAT3 (0.5 pg/ml). Further verification of antibody specificity
was done by incubating tissue sections with the antibody pread-
sorbed with 20-fold excess peptide and/or with preimmune sera.
Briefly, vibratome sections from the midfrontal cortex and pos-
terior hippocampus were first washed in PBS (pH 7.4), blocked
with 10% normal serum, and incubated overnight at 4°C with
the primary antibody. The free-floating sections were then
washed in PBS and incubated with the biotinylated anti-goat
secondary antibody made in rabbit (Vector, Burlingame, CA),
followed by Avidin D-HRP (ABC Elite, Vector), and reacted
with diaminobenzidine tetrahydrochloride (DAB, 0.2 mg/ml) in
50 mM Tris buffer (pH 7.4) with 0.001% hydrogen peroxide.
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All sections were run simultaneously and under identical con-
ditions to assure reproducibility of the results. Immunolabeled
sections were analyzed with the Quantimet 570C microdensi-
tometer, as previously described, in order 1o semigquantitatively
determine the levels of immunoreactivity (comrected optical
density) (27, 32, 33). Since the white matter also shows GT
immunoreactive cells, correction for background was done by
subtracting the optical density of adjacent sections immuno-
stained with the preimmune sera.

Double Immunolabeling and Laser Confocal Imaging

In order to asses the relationship between amyloid deposition,
neurodegeneration and GT expression, 40-wm-thick vibralome
sections from control and AD cortex were double-immunolabeled
{34) with the following combinaticons of monoclonal/palyclonal
antibodies: (a) GFAP/EAATZ, (b) amyloid B/A4 (3DGYEAATZ,
(c} SYN/JEAAT?Z, and (d) SYN/EAAT3. Sections were then in-
cubated with the goat anti-rabbit biotinylated antibody (1:100,
Vector) fellowed by a mixture of FITC-conjugated horse anti-
mouse IgG (1:75, Vector) and Texas Red Avidin D (1:150)
(Jackson ImmunoResearch Labs, West Grove, PA). The double-
labeled sections were transferred to SuperFrost slides (Fisher
Scientific, Tustin, CA) and mounted under glass coverslips with
anti-fading media (Vector). The sections were studied with the
Bio-Rad MRC-1024 laser scanning confocal microscope (34)
mounted on an Axiovert Zeiss microscope. This system permits
the simuitaneous analysis of double-immunolabeled samples in
the same optical plane,

Serial optical sections, 0.5 pm thick, of the neocortex dis-
playing the GTs were recorded in the FITC channel, and the
corresponding serial images of anti-amyloid B/A4, SYN and
GFAP were recorded in the Texas red channel. The aperture,
contrast and gain level were initially adjusted manually to ab-
tain images with a pixel intensity within a linear range. For
each case and condition, a total of 20 fields were imaged. These
digitized images were used to determine the proportion of
EAAT2-positive cells that were also GFAP-positive inside and
outside of the plaques, and the proportion of diffuse and mature
plaques (3D6 immunostained) that were EAAT2-immunoreactive,

D- and L°H] Aspartate Binding Assay

In order 1o estimate GT activity, D- and L- ["H]aspartale
binding assay was performed on washed membrane prepara-
tions by a modified method of Cross et al (35). As previously
described (15), frozen samples (approximately 100 mg wet
weight) from the midfrontal cortex of control and AD cases
were sonicated in 1 mi 50 mM Tris-HCE300 mM NaCl buffer,
pH 7.4. Nine additional mls of buffer were added followed by
centrifugation at 21,780 X g for 30 minutes (min) at 4°C. The
supernatant was decanted and the pellet resuspended in 10 mls
buffer. Total protein was determined by the method of Lowry
(29). Samples were diluted to 0.4 mg/ml total protein. One ml
incubation volumes in triplicate tubes containing 40 pg (100
pl) of washed membranes and a final concentration of 50 nM
D- or L- [*H]aspartate (Dupont NEN Research Products, Boston
Ma) and 4000 nM unlabeted (cold) aspartate were incubated
at room temperature for 30 min. Nonspecific binding was de-
termined by adding 10-fold excess (40,000 nM) cold aspartate
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to otherwise identical incubation tubes. Membranes and un-
bound ligand were separated by rapid filtration through 0.45 p
glass fiber fillers on a disposable filtration manifold (V&P Sci-
entific, San Diego, CA), fallowed by 2 X 200 pl washes of 50
mM Tris HCY300mM NaCl buffer. Filter disks were counted in
7 ml vials containing 5 ml Ecol.ume scintillation cocktail (ICN})
on 2 TM Analytic 6881 Mark III scintillation spectrophotom-
eter. Results were expressed as pMol bound per mg total pro-
lein.

Statistical Analyses

All samples were assigned a blind code before initiating the
experiments. The code was broken after all the results were
downloaded into the database. Statistical analysis was per-
formed utilizing the StatView program running on a Macintosh
6100/66. Differences between control and AD were tested using
the unpaired, two-tailed Student’s t test. The relationship be-
tween 2 specific variables was tested using the Pearson product-
moment correlation, r value, calculated with simple linear re-
gression analysis. To avoid artificial skewing of regression line
by control cases, only AD cases were included for this analysis.
Results were expressed as mean +/- SEM.

RESULTS

Levels of GT mRNA Expression in the AD Frontal
Cortex

Levels of mRINA expression for the 3 different GT sub-
types were assessed by RNase protection assay (RPA) in
the frontal cortex of control and AD cases. The probe for
EAATI protected a band at 121 bp (Fig. 1b), the EAAT2
probe protected a band at 229 bp (Fig. 1a), and the one for
EAAT3 a band at 164 bp (Fig. 1b). The astroglia-specific
transporter EAAT2 showed the highest expression level
(Fig. 1a), followed by EAAT] (75% of EAAT?2 level) (Fig.
1b) and the neuron-specific EAAT3 (about 5% of EAATZ
level) (Fig. Ib). In other areas of the brain (such as hip-
pocampus and cerebellum), the ratios of various transporter
expression were similar to the frontal cortex (data not
shown). Compared with controls, AD cases showed a slight
trend toward increased levels of EAAT2 mRNA in the fron-
tal cortex; however, this difference was not statistically sig-
nificant (Fig. 1¢). Furthermore, no significant differences in
the levels of EAAT] and EAAT3 mRNA expression were
observed between AT cases and controls (Fig. 1d, e).

Levels of GT-IR in the Cortex in AD

The antibody against EAAT?2 recognized a major band
at an estimated MW of 75 kDa (Fig. 2a), while EAATI
recognized a major band at 65 kDa (Fig. 2b). The anti-
body against EAAT3 labeled 4 broad bands; the most
apparent was the band at 69 kDa (Fig. 2¢). In control
experiments, where primary antibody was adsorbed with
excess peptide, the specific bands were not labeled (Fig.
3). Furthermore, the preimmune serum did not recognize
the major specific bands (Fig. 3). When compared with
controls, AD cases showed a significant 30% decrease in
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Fig. 1. Levels of GT mRNA expression in the frontal cortex by RPA. (a) The probe for the astroglia-specific transporier
EAAT?2 protected a band at 229 bp. (b} The probe for EAAT1 protected a band at 121 bp and the one for the neuron-specific
EAATS3 a band at 164 bp. (c) Compared with controls, AD cases showed a slight trend (nonsignificant) toward increased levels
of EAAT2 mRNA in the frontal cortex. (d, e} No significant differences in the levels of EAAT] and EAAT3 mRNA expression

were observed between AD and control cases.

levels of EAAT2-IR in the frontal cortex (Fig. 2d). No
significant differences in levels of EAATI1-IR (Fig. 2e)
and EAAT3-IR (Fig. 2f) were observed between AD and
control cases.

Cellular Distribution of GT in AD

In control cases, EAAT2-IR was mainly associated
with glial cells that possessed abundant processes in the
frontal cortex (Fig. 4a) and hippocampus (Fig. 4b). These
processes were often distributed around presynaptic ter-
minals and dendritic branches. Double immunolabeling
studies showed that EAAT2-immunoreactive cells in the
neocortex often displayed anti-GFAP-IR (Fig. 3a, b). In
AD cases, EAAT2-IR was also associated with glial cells
in the neocortex (Fig. 4c) and hippocampus (Fig. 4d),
however, these cells displayed a decrease in the intensity
of immunolabeling when compared with controls. Double
labeling studies showed that EAAT2-IR was colocalized
with the GFAP-immunoreactive glial cells {(Fig. 5¢, d)
surrounding the amyloid plaques, as well as with a fine
meshwork of astroglial processes embedded in the amy-
loid core (Fig. Se~h). EAAT2-IR was observed in ap-
proximately 30% of the plaque-containing dense amyloid
core and in approximately 80% of the diffuse plaques.

In the control cases, the antibody against EAAT1 mild-
ly immunolabeled pyramidal and glial cells (not shown).
Mild EAAT3-IR was observed in the neuropil and in
some pyramidal cell bodies. Double labeling studies
showed that the EAAT3 immunostaining in the neuropil
was associated with punctuate structures adjacent to the

SYN-immunoreactive presynaptic terminals (not shown).
These structures also showed microtubule-associated pro-
tein 2 (MAP2)-IR, indicating that they correspend to den-
dritic arbor (not shown). In AD, similar patterns of
EAATI1- and EAAT3- IR were observed when compared
with controls.

Correlations Among GT, mRNA Levels, IR (by Western
Blot) and Binding

Censistent with previous studies (15), levels of GT ac-
tivity, as assessed by D- and L- [*H]aspartate binding,
were decreased in the frontal cortex of the AD cases (Ta-
ble 1). In order to asses the relationship among mRNA
levels, IR and binding linear regression analysis was per-
formed. This analysis showed an inverse correlation be-
tween EAATZ mRNA and IR (r = —0.726,n = 12, p =
0.0075) (Fig. 6a). No significant correlations were ob-
served between mRNA and EAAT! or EAATS3. Further-
more, L-[*H]aspartate showed a trend toward inverse cor-
relation with EAAT] (r = —0.517, n = 11, p = 0.103)
and EAAT3 (r = —0.412, n = 11, p = 0.207) mRNA
levels; however, none of these correlations were statisti-
cally significant. As for the GT-IR, the strongest corre-
lations were observed between L-[*H]aspartate binding
and EAAT3 (r = 0.613, n = 14, p = 0.0198) and between
D-[*H]aspartate binding and EAAT2 (r = 0.54, n = 14,
p = 0.04) (Fig. 6b). No significant correlations were ob-
served between levels of GT mRNA and D-[*H]aspartate
binding.
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Preimmune

Antibody Anti-EAAT2

Adsorbed

Fig. 3. Specificity of the antibody against EAAT2. In con-
trol experiments, the preimmune serum did not recognize the
major specific bands, Also, when the primary antibody was
adsorbed with excess peptide, the specific bands were not la-
beled. A = AD; C = Control.

Correlations between GT and APP Expressicn

Overall levels of APP-IR were assessed by Western
blot with the monoclonal antibody 8E5. This antibody
recognized a triplet band at an estimated MW of 110-120
kDa (not shown). Levels of L-[*H)aspartate binding in
the frontal cortex were directly correlated with levels of
APP-IR (r = 0.6, n = 13, p = 0.0029) (Fig. 7a) by West-
ermn blot. No significant correlations were observed be-
tween APP-IR by Western blot and mRNA levels for
EAATI1, EAAT2 and EAAT3.

Further evaluation of the levels of expression and al-
ternative splicing of APP was performed by RT-FCR.
This assay for brain APP mRNAs revealed 3 bands in
autoradiography at positions 628 bp, 796 bp and 833 bp,
comresponding to APP695, APP751 and APP770 m-
RNAs, respectively (not shown). Linear regression anal-
ysis showed that levels of EAAT1 mRNA were inversely
correlated with APP695 (r = —0.629, n = 12, p = 0.02)
and directly correlated with levels of APP751 (r = 0.6,
n=12,p=0.04)and APP770 {r = 0.692, n = 12, p =
0.012) mRNA levels, EAAT2-IR were inversely corre-
lated with APP770 mRNA (r = —0.63, n = 13, p = 0.02)
(Fig. 7b) and showed a trend toward a direct correlation
with APP695 (r = 0.4, n = 13, p = 0.18) and an inverse
correlation with levels of APP75L r = —=0.3,n = 13, p
= (1.30) mRNA. In addition, L-[*H]aspartate binding lev-
els were directly correlated with APP695 {r = 0.635, n

= 12, p = 0.02) and inversely correlated with levels of
APP751 (r = —0.643, n = 12, p = 0.02) and APP770 (r
= —0.6,n = 12, p = 0.04) mRNA levels (Fig. 7c).

DISCUSSION

Previous studies have shown that in AD the activity of
the glutamate/aspartate uptake system is decreased in
neocortical areas involved in cognitive functioning (12—
15, 36, 37). However, it was not determined which GT
was selectively affected in AD. The present study showed
that of the 3 different GTs analyzed, EAAT2 was the
most significantly affected in AD. Decreased EAAT?2
protein expression in AD was associated with decreased
GT activity as reflected by D-[*H]aspartate binding. De-
creased EAAT2-IR and activity in frontal cortex of AD
cases might be associated with the extent of the neuro-
degenerative process and/or with decreased number of
celis containing EAAT2. Since EAAT2 is mainly pro-
duced by astroglial cells (8), and since there is significant
astrogliosis in AD (38), it is unlikely that the lower level
of IR and activity are the result of fewer cells producing
EAAT?2, supporting the possibility that decreased EAAT2
is associated with the extent of the neurodegenerative
process. Recent studies have shown that levels of brain
spectrin degradation products were correlated with a de-
crease in the levels of D- and L- ["H]aspartate binding
(15)}. This indicates that altered functioning of GT in AD
might lead 10 degeneration because calpain I-mediated
proteolysis of brain spectrin {39, 40) has been proposed
as an indicator of the Ca?*-activated, excitatory amino
acid-induced neuronal death (41, 42).

Lower levels of EAAT2-IR and activity in AD might
be the result of impaired protein synthesis, increased pro-
tein degradation, decreased mRNA survival, and/or de-
creased mRNA synthesis and post-transcriptional modi-
fications. Since the levels of GT mRNA expression were
not altered in AD, this suggests that lower levels of
EAAT2-IR are not the result of transcriptional alterations.
In fact, EAAT?2 protein levels were inversely correlated
with EAAT2 mRNA levels, supporting the possibility
that alterations in GT expression in AD occur as a result
of a disturbance at the post-transcriptional level and that
a feedback mechanism might stimulate a relative increase
in mRNA levels to compensate for the decreased protein
expression and binding. In ALS there also is decreased
EAAT2-IR with preserved levels of mRNA within the
motor cortex and spinal cord (43). Taken together this
indicates that altered functioning of selective GTs might
be related to post-transcriptional modifications.

Regarding regulatory post-transcriptional modifications,
recent studies have shown that GT functioning is modu-
lated by protein kinase C—mediated phosphorylation of a
serine residue located in the loop connecting putative
transmembrane helices 2 and 3 (44). Activation of GT was
due to an increased phosphorylation of this site. Therefore,

4 Neurapatiol Exp Neural, Vol 56, August, {997
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Fig. 4. Patterns of GT-like IR in the brain. In control cases, EAAT2-IR was associated mainly with glial cells with abundant
processes in the frontal cortex (a) and hippocampus (b). In AD cases, EAAT2-IR was also associated with glial cells in the
neocortex {c) and hippocampus (d). These cells displayed a decrease in the intensity of immunolabeling when compared with
controls. In addition, in AD cases, plaques were immunolabeled by the anti-EAAT2 antibody (arrowheads).

factors involved in regulating GT functioning and/or phos-
phorylation mighi be responsible for the alterations in GT
observed in AD. For the present sudy we proposed that
altered functioning of GT in AD might be associated with
abnormal APP expression. This hypothesis is based on
recent studies showing that APP exerts neuroprotective
properties against acute and chronic excitotoxicity (17,
43), probably by regulating the functioning of GTs (22).
Supporting the possibility that altered APP expression
might result in abnormal GT functioning, the present study
showed that EAAT2-IR was inversely correlated with
APP770 mRNA. Furthermnore, GT activity was directly
correlated with APP695 mRNA and APP IR and inversely
cormrelated with APP751/770 mRNA levels. These findings
indicate that the various isoforms of APP might be in-
volved in regulating GT functioning. In AD, the ratio
among the various isoforms of APP is shifted toward the
longer forms, and APP processing is shifted toward in-
creased production of amyloidogenic fragments (for

F Newroprathol Expr Netvol, Vol 56, August {997

review see [23]). This suggests that in AD increased pro-
duction of amyloidogenic fragments and/or generation of
secreted APPB might iaterfere with GT function. Sup-
porting this possibility, previous studies have shown that
a synthetic peptide homologous to amyloid B protein
{25-35) blocks the functioning of GT in vitro (46). This
amyloid 3 protein fragment has been previously shown to
promote neuronal death in vitro (47) and to generate re-
active oxygen radicals (46); however, amyloid 3 protein
1-40 and 1-42 are produced in vivo (48, 49) rather than
free amyloid B protein 25-35. The effects of these amy-
loidogenic fragments of APP on GTs are not currently
known. In their study, Hauris et al (46} propose 3 potential
mechanisms for the inhibition of glutamate uplake: (a) in-
hibition of the Na*, K*-ATPase, (h) direct oxidative dam-
age to the GT molecule, and {c) membrane perturbations
by lipid peroxidation. Of these possibilities, Harris et al
suggest that direct inhibition of the GT is the most likely.
Although the direct effect of amyloid B protein might play
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Fig. 5. Studies of cellular distribution of GT-like IR in AD. Sections were double-immunolabeled with antibodies against
EAAT?Z (FITC, green) and either GFAP or amyloid B protein (Texas red) and imaged with the laser scanning confocal microscope.
EAATZ-immunoreactive cells in the neoconex often displayed anti-GFAP-IR (a). EAAT2-IR was more prominent in the periphery
of the glial cell bodies and their processes (b). EAAT2-IR was colocalized with GFAP-immunoreactive glial cells surrounding
amyloid plaques (c, d). EAAT2-IR was also associated with a fine meshwork of astroglial processes embedded in the diffuse
amyloid plaques (e, ) and to a lesser extent in the mature amyloid plaques (g, h).

an important role in blocking EAAT2 functioning in vivo
in AD, it is unlikely that this is the only mechanism in-
vaolved since, as the present study showed, the greater pro-
portion of astrocytes (that produce EAATZ) are not in
close contact with dense amyloid deposits, but in fact are
diffusely scattered throughout the neuropil, particularly in
those regions where neuronal and synaptic loss is more
pronounced (50). Therefore, malfunctioning of GTs in AD

might be related not only to amyloid p protein produc-
tion, but also to generation of sAPP fragments that might
not be fully capable of activating GTs. In this regard, a
recent study showed that sAPPB is less potent than
sAPPe in protecting neurons against excitotoxicity and
metabolic insults (51). More direct evidence to support
this hypothesis will also require detailed in vivo studies
where determination of GT function and expression is

4 Newrcpathal Exp Nearol, Voi 56, August, 1997
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performed in transgenic mice that express sAPPa or
sAPPB.

In conclusion, the present study supports the notion

that astroglial EAAT2 is affected in the AD frontal cortex
and that abnormal functioning and/or processing of APP
might play an important role in this process. Taken to-
gether, these results support the possibility that decreased
activity of GTs in AD is associated with increased exci-
totoxicity and neurodegeneration.
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