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The excitatory amino acid transporter EAAT-2 is
physiologically expressed in astrocytes. This study
demonstrates that distinct subclasses of neurons
exhibited EAAT-2 immunoreactivity in cases with
Alzheimer’s disease (AD). EAAT-2 was identified in the
following types of neurons: Cortical pyramidal cells,
fascia dentata granule cells, neurons of the basal
nucleus of Meynert, the substantia nigra, the par-
aventricular nucleus of the hypothalamus, oral and
central raphe nuclei, locus coeruleus, parabrachial
nucleus, and neurons of the reticular formation of the
brain stem. All EAAT-2-positive neurons displayed
cytoskeletal abnormalities with abnormal T-protein
and often showed condensed and shrunken nuclei.
None of the control cases without AD-related
pathology showed EAAT-2-immunoreactive neu-
rons. These results indicate that AD-related neu-
rodegeneration is associated with the expression of
the glutamate transporter EAAT-2 in altered neu-
rons. Since an aberrant expression of EAAT-1 in
neurons has recently been described, the finding of
a neuronal expression of EAAT-2 strongly supports
the hypothesis that abnormalities in the glutamate
transport play an important role in the pathogenesis
of AD.

Brain Pathol 2002;12:405-411.

Introduction

Excitatory amino acid transporters (EAATS) are pro-
teins which are essential for the uptake of glutamate
and aspartate from the synaptic cleft by astrocytes and
neurons (8, 15, 24, 29). EAAT-1 (GLAST) and EAAT-
2 (GLT-1) are located in astrocytes, (14, 24, 27, 29).
EAAT-3 (EAAC-1) and EAAT-4 have been described in
neurons (14, 20, 22).

The deposition of the amyloid B-protein (AB) as
well as the presence of neurofibrillary tangles (NFTs),
neuritic plaques (NPs), and neuropil threads (NTs) are
histopathological hallmarks of Alzheimer’'s disease
(AD) (3, 6, 7). Recently, it has been shown that EAAT-
1 is expressed in NFT-bearing neurons in AD cases
(28). The glia transport of excitatory amino acids
(EAAS) in AD is deficient (18) and the number of

EAAT-2 expressing cortical astrocytes is decreased
(16). The protein levels of cortical EAAT-1 and cortical
EAAT-2 in a given AD brain vary from normal to
reduced levels (1). AB is capable of reducing the gluta-
mate uptake in astrocytesin vitro (9) and EAAT-2isdis-
cussed to play an important role in AB-protein precur-
sor (ABPP) processing (16, 18, 19). In doing so,
AD-related changes in the astroglial EAAT-2 expres-
sion appear to be associated with the presence of AR (16),
whereas it is not clear whether changes in EAAT-2
expression are also related with neurofibrillary pathol-
ogy. Since EAA transport seemsto play an important role
for NFT formation as well as for AR pathology, it is
important for the understanding of the pathogenetic
mechanisms to further clarify the role of EAATs in the
pathogenesis of AD.

This study is aimed to examine whether EAAT-2 is
involved in the generation of AD-related neurona
changes. By studying samples from the neocortex, the
alocortex, the basal ganglia, the diencephalon, the thal-
amus, the brain stem, and the cerebellum, it is shown that
neurons are capable of expressing EAAT-2 under patho-
logical conditions, ie, in distinct types of NFT-bearing
neuronsin AD cases.

Material and Methods

Brains from 21 autopsy cases from both genders,
aged 61 to 89 years, were investigated (Table 1). The
cases had usually been examined one to 4 weeks prior to
death by different clinicians according to standardized
protocols. The protocols included the assessment of
cognitive function and recorded the ahility to care for and
dress self, eating habits, bladder and bowel continence,
speech patterns, writing and reading, short-term and
long-term memory, and orientation within the hospital set-
ting. These data were used to retrospectively assess
CDR-scoresfor each patient (11) (Tab. 1). For this pur-
pose, the data from the clinical protocols were trans-
formed into CDR-levels according to the standard
CDR-protocol (11). For case numbers 8 and 12, sufficient
clinical recordings which allowed the determination of
CDR scores were not available. AD was diagnosed
according to the recently published consensus criteria
(33). Cases with AD-related neurofibrillary and/or AR
pathology which were clinically diagnosed as being
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Case Number Age Gender A BMTL-Phase NFT-Stage CERAD CDR Neuropathology
1 66 f 0 0 0 0 |

2 62 m 0 0 0 0

3 69 f 0 0 0 0

4 61 m 0 0 0 0 -

5 7 m 0 2 0 0 ADRP

6 61 f 1 0 0 0 ADRP, |

7 71 m 2 1 0 0 ADRP, CAA
8 64 m 2 1 0 n.a. n.a.

9 69 m 2 1 0 0 ADRP, CAA
10 73 m 2 3 0 0 ADRP, |

11 87 m 2 & 1 0 ADRP, CAA
12 66 m 8 2 0 n.a. n.a.

13 85 m 3 4 1 2 AD, |, CAA
14 86 f 8 6 2 3 AD, AG, |, CAA
15 83 m 4 4 3 3 AD, |, CAA
16 89 f 4 4 3 2 AD, CAA
17 87 f 4 4 1 3 AD, CAA
18 83 m 4 5 3 3 AD, CAA-MI
19 89 f 4 5 3 3 AD, CAA
20 78 f 4 5 2 3 AD, CAA
21 68 f 4 6 2 1 AD, CAA

Table 1. List of cases. Age in years. Gender: m=male, f=female. ABMTL-Phase =phase of B-amyloidosis in the MTL (31). NFT-
stage = stage of the expansion of AD-related neurofibrillary pathology according to Braak and Braak (3). CERAD = neuritic plaque
score according to the CERAD-criteria (21) as indicated with the Gallyas silver method. CDR = Clinical Dementia Rating Score (11)
(0=not demented, 0.5 = questionable dementia or mild cognitive impairment, 1 =mild dementia, 2=moderate dementia, 3=severe
dementia). Neuropathology: - = no pathological changes and clinically no cognitive deficits; AG =few argyrophilic grains in the MTL;
ADRP = AD-related NFT- and/or AB-pathology in brains of non-demented patients (clinical dementia rating [CDR] score =0); AD=
clinically (CDR score=1) and histopathologically verified Alzheimer's disease; CAA = Cerebral Amyloid Angiopathy; Ml =microinfarcts;
= small infarcts; n.a. = CDR-scores are not available and the neuropathological observation shows no other changes than AD-relat-

ed pathology.

cognitively normal (CDR=0) were categorized as puta-
tively non-demented cases with AD-related pathology
(ADRP cases). ADRP cases as defined in our study also
includeAB-only and NFT-only cases. The control cases
showed no dementia (CDR=0) and were free of AD-relat-
ed histopathological changes.

The brains were fixed in a 4% agueous solution of
formaldehyde for 3 weeks. The right hemisphere was cut
coronally into 1 cm thick slices after removal of the
brain stem at the mid-brain level. The brain stem and the
cerebellum were cut perpendicular to the Meynert-
brain-stem axisinto 5 mm thick slices. Two blocks of the
anterior MTL and of the MTL at the level of the lateral
geniculate body were embedded in PEG and cut at 100
pm. One block of the superior frontal gyrus, the supe-
rior parietal lobe, the area 17, 18 and 19, the cingulate
gyrus, the anterior MTL including the entorhinal
region, the middle and posterior medial temporal lobe
containing the hippocampus, the basal ganglia, the
basal nucleus of Meynert, the septum, the hypothalamus,
the thalamus, the midbrain, the pons, the medulla
oblongata, and the cerebellum were embedded in paraf-

fin, and 10 pm thick sectionswere cut. One paraffin sec-
tion of agiven region aswell as one PEG section of the
PEG-embedded MTL-blocks was stained with the
Gallyas silver method for the detection of NFTs, NTsand
NPs (2). Likewise, sections were stained with the
Campbell-Switzer silver method for the detection of
AB-deposits (2, 12). The sensitivity of the Campbell-
Switzer silver technique for the detection of Ap-
depositsisequal to that of the immunocytochemistry with
anti-AB.;., (4G8) (31, 32). For purposes of topographi-
cal orientation, sections were stained with aldehyd-
fuchsin-darrow red for lipofuscin pigment and Nissl
material.

The distribution of NFTs and NTs was assessed and
diagnosis of stagesin the development of neurofibrillary
changes (NFT-stage) was performed using published
criteria and were achieved without knowledge of clini-
cal and pathological data or age and gender of the indi-
viduals (3, 33). The CERAD neuritic plaque score was
determined by estimating the mean neuritic plaque fre-
guency in the hippocampus and in the frontal, parietal,
temporal, and occipital cortex as stained with the
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Case Number Neuropathology EAAT-2-positive Neurons

1

2

3

4 -

5 ADRP

6 ADRP -

7 ADRP NBM

8 n.a. -

9 ADRP -

10 ADRP NBM,PVN

11 ADRP -

12 n.a. -

13 AD NBM,PVN

14 AD, AG CA1, temporal neocortex, NBM, RF, LC, PBN, Raphe, SN
15 AD CAL, temporal neocortex, entorhinal cortex, RF, LC, PBN, Raphe, SN, RN
16 AD CA1, NBM, PVN, RF, LC, PBN, Raphe

17 AD RF,Raphe,SN

18 AD, CAA-MID CAl, CA4, Fascia dentata, temporal neocortex
19 AD PVN,LC,PBN,Raphe,RF

20 AD PVN,LC,PBN,Raphe,RF

21 AD -

Table 2. List of cases exhibiting EAAT-2 positive neurons. Neuropathology: - =no pathological changes and clinically no cognitive
deficits, AG =few argyrophilic grains in the MTL, ADRP = AD-related NFT- and/or AB-pathology in brains of non-demented patients,
AD =clinically and histopathologically verified Alzheimer's disease, CAA-MI = CAA with multiple infarcts, n.a. = CDR-scores are not
available and the neuropathological observation shows no other changes than AD-related pathology. The regions in which EAAT-
2 positive neurons exist are listed. NBM = basal nucleus of Meynert; PVN =paraventricular nucleus of the hypothalamus; RF =retic-
ular formation; LC =locus coeruleus; PBN =parabrachial nucleus; Raphe = oral and central raphe nuclei; SN = substantia nigra; RN
=red nucleus. The neocortical pyramidal neurons, the neurons of the basal nucleus of Meynert, of the paraventricular nucleus of
the hypothalamus, of the locus coeruleus, of the oral raphe nuclei, of the substantia nigra, and the neurons of the reticular forma-

tion receive among others glutamatergic input from cortical neurons (4, 23).

Gallyas silver method according to published criteria (21,
33). The phases of p-amyloidosis in the MTL
(ABMTL-phase) were carried out using Campbell-
Switzer stained sections as recently published (31).

The presence of AR was observed immunocyto-
chemically with an antibody directed against AB,;.,
(Signet, Dedham, Mass: 4G8, 1/5000, 48 hours at 4°C)
following formic acid pretreatment. EAAT-2 was
detected with a monoclonal antibody (Novocastra,
Newcastle, UK: 1H8 [20], 1/40, 24 hours at 22°C,
microwave pretreatment) and with a polyclonal anti-
body (Santa Cruz Biotechnology, Santa Cruz, Calif:
polyclonal goat [EAT-2], 1/50, 24 hours at 22°C,
microwave pretreatment). The primary antibodies were
detected with a biotinylated secondary antibody and the
ABC complex (Vectastain: Vector Laboratories,
Burlingame, Calif), and this was visualized with 3,3-
diaminobenzidine (DAB) (10). Immunostained paraffin
sections were counterstained with hematoxylin.

In cases numbers 16, 17, and 20, double label
immunocytochemistry was done with the monoclonal
mouse 1gG-antibody against EAAT-2 and a monoclon-

a mouse IgM antibody against abnormal T-protein
directed against an abnormal configuration epitope of the
T-protein (13), (TG-3 monoclonal 1gM-antibody [gen-
erous gift from Dr. P. Davies|, 1/10, 24 hours at 22°C).
Anti-EAAT-2 was detected with a carbocyanine 2-
labeled secondary antibody specifically directed
against mouse 1gG (Dianova, Hamburg, Germany)
whereas anti-TG-3 was detected with a carbocyanine
3-labeled secondary antibody specifically directed
against mouse IgM (Dianova, Hamburg, Germany).
The anti-mouse |gG antibody used for double immuno-
fluorescence did not crossreact with mouse IgM and
vice versa

Results

In 2 non-demented ADRP-cases and in 8 of 9 AD-
cases, distinct types of neurons showed EAAT-2-
immunoreactivity in the perikaryon as well as in the
neurites (Figure 1A, B, H; Table 2). Neuronal EAAT-2
expression was never observed in controls without AD-
related pathology (Figure 1J). Positive EAAT-2-
immunoreactivity in neurons could be detected with

EAAT-2 in Tangle-bearing Neruons in Alzheimer’s Disease—Thal 407



EAAT-2

Abnormal t-Protein

24um

Abnormal t-Protein
EAAT-2

408 EAAT-2 in Tangle-bearing Neruons in Alzheimer’s Disease—Thal



both anti-EAAT-2 antibodies used in this study. EAAT-
2 occurred in neocortical and allocortical pyramidal
cells, fascia dentata granule cells, melanin-containing
neurons of the substantia nigra, neurons of the basal
nucleus of Meynert, the paraventricular nucleus of the
hypothalamus, the oral and central raphe nuclei, the
reticulo-tegmental nucleus of the pons, the parabrachial
nuclei, the locus coeruleus, and in the neurons of the
reticular formation of the brain stem (Figure 1A, B, G-
I; Table 2). The localization of the EAAT-2-positive
neurons varied from caseto case. In case number 18, CA1
pyramidal cells exhibited EAAT-2 but the brain stem was
unaffected whereas in case number 20, brain stem
nuclei contained EAAT-2-positive neurons and CA1-
pyramidal cells appeared free of intraneuronal EAAT-2
(Table 2). Neuritic plaques with dystrophic neurites
exhibiting Gallyas-positive neurofibrillary material did
not show EAAT-2 immunoreactivity. Small infarctsin one
control, 2 ADRP, and 4 AD cases were not associated with
local EAAT-2 induction. In the ADRP-cases, EAAT-2-
positive neurons were only seen in the basal nucleus of
Meynert and in NFT-bearing neurons of the paraven-
tricular nucleus of the hypothalamus (Table 2).

The EAAT-2 positive material in neurons was locat-
ed in the cytoplasm and in the neurites (Figure 1). In some
neurons the complete cytoplasm exhibited EAAT-2-
immunoreactivity (Figure 1H, 1) and in other neurons
EAAT-2-positive material was closely associated with
NFTs (Figure 1G). The nuclei of the EAAT-2 positive
neurons were shrunken and condensed in comparison to
adjacent neurons not exhibiting EAAT-2 (Figure 11). A
nucleolus was not detectable in these neurons. Double
labeling of EAAT-2 and abnormal t-protein (TG3) indi-
cated that only those neurons exhibited EAAT-2
immunoreactivity which also showed intracellular
accumulation of abnormal T-protein. Astroglial expres-
sion of EAAT-2 was seen in AD, ADRP, and control
cases (Fig. 1G-J).

Discussion

The present study shows that distinct types of neurons
display cytoplasmic EAAT-2-immunoreactive material
under pathological conditions in AD brains. No evi-
dence for a neuronal localization of EAAT-2 has been
noted or reported in healthy individuals as well as in
patients with amyotrophic lateral sclerosis(7, 16, 20, 25).
In the normal human brain, EAAT-2 is exclusively
expressed in astrocytes (20, 24). The intraneuronal
detection of EAAT-2, therefore, represents a pathol ogi-
cal event. The induction of EAAT-2 in neurons under
pathological conditions aswell as the recently reported
aberrant neuronal expression of EAAT-1 (28) indicate the
principal potential of neuronsto express astrocyte-spe-
cific proteins under pathological conditions.

Both EAAT-2 antibodies used in this study detect
neuronal EAAT-2 and the monoclonal anti-EAAT-2
antibody has been shown to specifically detect EAAT-2
in the human brain without crossreacting with EAAT-1
(20). Neuronal EAAT-2 was only seen in distinct types
of neurons with neurofibrillary changes whereas other
types of neurons with neurofibrillary changes and neu-
ritic plaques in the same section did not exhibit EAAT-
2-immunoreactivity. These findings strongly indicate
that the immunoreaction observed is not the result of
crossreactivity with the abnormal T-protein, but shows
apathological expression of EAAT-2 in affected neurons.
Whether the neuronal EAAT-2 is identical with
astroglial EAAT-2 or whether it represents a splice vari-
ant of EAAT-2 cannot be answered by studying forma-
lin-fixed tissue as used here.

The neuronal expression of EAAT-2 isrestricted to neu-
rons containing abnormal T-protein, and, therefore,
appears to be associated with AD-related neuronal
pathology. Most of the EA AT-2-positive neurons display
shrunken and condensed nuclei indicating that these
neurons are severely altered. This association pointsto
acausal relationship between the pathological expression

Figure 1. (Opposing page) EAAT-2 exhibiting neurons in AD. A-F: Double label immunocytochemistry shows EAAT-2 exhibiting neu-
rons of the substantia nigra (A, B) being also positive for abnormal t-protein (TG-3) (C, D, E, F). The abnormal T-protein in the cell
body and the dendrites which co-localizes EAAT-2 is indicated by white arrows in C-F. EAAT-2 positive material in the perikaryon
which is not co-localized with abnormal T-protein is shown by the lucent white arrows (A, E). G-1: EAAT-2 positive neurons in AD-
cases in the central raphe nucleus (G), the reticular formation of the midbrain (H), and in the Ammon’s horn sector CA1 (I). EAAT-
2 positive neurons exhibit EAAT-2 in the perikaryon as well as in the dendrites (A, B, H). In most of the EAAT-2 positive neurons
the EAAT-2 positive material shows a dense staining in the entire cell body. Some neurons show EAAT-2 positive material which is
tightly associated with NFTs (arrows in E-G). The nucleus is not detectable (G, H, I; arrows with black arrowhead). Few less dense-
ly stained neurons have a shrunken and condensed nucleus. The nucleolus is not seen in these cells (I; arrow with thin arrowhead).
Not affected neurons do not exhibit any EAAT-2 immunoreactivity and have a nucleus with a nucleolus (I; short arrow with lucent
arrowhead). In all AD cases EAAT-2 expressing astrocytes were seen as well (arrowheads G-I). For comparison, in the control case
(J) CA1 neurons are not stained with anti-EAAT-2 (lucent arrowheads), whereas astrocytes exhibited EAAT-2 (arrowheads in J) (Case
number: 17 [A-F], 14 [G, H], 18 [I], 1 [J]; anti-EAAT-2 [A, B, G-J]; anti abnormal 7-protein [C, D]; anti-EAAT-2/ anti abnormal t-pro-
tein [E, F]; Scale bar: 24 um [A-F], 20 pm [G-J]).
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of EAAT-2 in neurons and the formation of AD-related
cytoskeletal alterations. Since high glutamate levels
appear critical for the formation of abnormal T-protein
and the generation of paired helical filaments (5, 26), it
is tempting to speculate that neuronal expression of
EAAT-1 as reported by Scott et al (28) and of EAAT-2
as reported here can be induced by abnormal gluta-
matergic stimulation probably due to the reduced
astroglial glutamate uptake (18).

AP is capable of inhibiting astroglial glutamate
uptakein vitro (9). These data would favor the hypoth-
esis that the AD-related neuronal expression of EAAT-
2 is the result of AD-related pathological processes.
Another argument for this point of view is that most
cases with early AD-related changes (NFT stage |l and 1
cases) do not express neuronal EAAT-2 although there
are already neurons in the transentorhinal and entorhi-
nal region which exhibit Gallyas-positive neurofibrillary
changes. Alternatively, a dysfunction of the glutamate
transport in astrocytes or in neurons may initiate the
evolution of neurofibrillary changes or AB-deposition.
Arguments favoring this point of view are: i) the gener-
ation of abnormal phosphorylated T-protein can be
induced by excitotoxic stimulation (5, 26), and ii)
regions which develop AB-deposits receive input from
glutamatergic or aspartergic neurons (4, 23, 30). To
clarify which hypothesisiswrong and whichisright, it
isessential to study an animal model with functional mod-
ified glial and/ or neuronal glutamate transport.

Cerebral infarction is unlikely to play arole for the
induction of EAAT-2 in neurons for the following rea-
sons: i) small infarcts are also seen in control cases
without EAAT-2 positive neurons and EAAT-2
immunoreactive neurons occur in AD cases without
infarcts or microinfarcts; and ii) EAAT-2 positive neu-
rons do also exhibit abnormal T-protein, ie, a pathology
characteristic for AD-related neurodegeneration but not
for ischemia/hypoxiainduced neurodegeneration.

Only distinct types of neurons (Table 2) are suscep-
tible for the pathological expression of EAAT-2.
Although the types of neurons exhibiting EAAT-2 vary
strikingly from case to case, all of them receive gluta-
matergic input from cortical association and/or projec-
tion fibers (23). Thisalso arguesin favor of acritical role
of abnormal glutamatergic stimulation for the expression
of EAAT-2 in neurons. Interindividual regional differ-
ences in abnormal glutamatergic stimulation may
account for the observed variation between individual AD
brains.

Thetreatment of AD patients with the anti-excitatoxic
drug memantine leads to an improvement of the clinical

status (17, 34). Since there is a pathological expression
of EAAT-1 (28) and EAAT-2 in NFT-bearing neurons
these findings may display a morphological correlate of
the abnormalitiesin the glutamate transport. Therefore,
anti-excitotoxic drugs should either reduce the occurrence
of EAAT-1 and EAAT-2 positive neuronsin comparison
to untreated patients or may slow down the expansion of
AD-related pathology or both. These parameters could
be used in autopsy confirmed treatment studies to veri-
fy the success of a given treatment.

In summary, the astrocyte-specific glutamate trans-
porter EAAT-2 can be expressed by neurons under
pathological conditions and this neuronal induction of
EAAT-2 occurs only in severely altered neurons
exhibiting abnormal t-protein. Since an aberrant
expression of EAAT-1 in neurons has recently been
reported (28) the finding of an aberrant expression of
EAAT-2 in neurons strongly supports the hypothesis
that abnormalities in the glutamate transport play an
important role in the pathogenesis of AD.
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